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QUANTUM DASH DEVICES 

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH AND 

DEVELOPMENT 
[0001] The U.S. Government may have certain rights in this invention 
pursuant to research conducted under the following grants: Grant No. F49620-95-1- 
0530 awarded by the Air Force Office Of Science and Research, Grant No. 
DAAL01-96-02-0001 awarded by the Army Research Lab, Grant No. F4920-99-1- 
330 awarded by the Air Force Office of Science and Research, and Grant No. 
MDA972-98-1-0002 awarded by the Defense Advanced Research Projects Agency. 

RELATED APPLICATIONS 
[0002] This application claims priority under 35 U.S.C.§ 1 19(e) to the 
following United States Patent Application Nos.: 60/234,344 entitled "Self- 
Organized Quantum-Dash Growth And Ordered Quantum-Dot Growth and Semi- 
conductor Lasers and Transistors Formed From These Structures," filed September 
22, 2000; 60/238,030 entitled broadband Continuously Tunable-Wavelength 
Quantum Dot and Quantum Dash Semiconductor Lasers with Low-Threshold 
Injection Current" filed October 6, 2000; 60/252,084 entitled "Quantum Dot and 
Quantum Dash Semiconductor Lasers For Wavelength Division Multiplexing 
(WDM) System Applications" filed November 21, 2000; 60/276,186, entitled 
"Semiconductor Quantum Dot Laser Active Regions Based On Quantum Dots in a 
Optimized Strained Quantum Well," filed March 16, 2001; 60/272,307, entitled 
"Techniques for Using Quantum Dot Active Regions In Vertical Cavity Surface 
Emitting Lasers," filed March 2, 2001; and Attorney Docket No. 22920-06322, 
entitled "Quantum Dot And Quantum Dash Active Region Devices," filed August 
31, 2001 (Application number not received from the United States Patent and 
Trademark Office at the time of filing of the instant application). The contents of all 
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of the above applications are hereby each incorporated by reference in their entirety 
in the present patent application. 

Background of the Invention 

1. Field of the Invention 

[0003] The present invention relates generally to self-assembled semiconductor 
quantum dot devices. More particularly, the present invention is directed towards 
self-assembled quantum dot devices for use in opto-electronic devices. 

2. Description of Background Art 

[0004] Quantum dot and quantum wire semiconductors structures are of interest 
for a variety of electronic and opto-electronic device applications. A semiconductor 
quantum dot is a structure having energy barriers that provide quantum confinement 
of electrons and holes in three dimensions. A semiconductor quantum wire is a 
structure having energy barriers that provide quantum confinement of electrons and 
holes along two dimensions. 

[0005] Theoretical studies indicate that quantum dot and quantum wire lasers 
have many potential performance advantages over conventional quantum well 
lasers. First, a quantum dot or quantum wire laser has a lower fill factor (volume of 
material to be pumped) and an improved density of states function compared with a 
quantum well laser. Referring to FIG. 1, the theoretical density of states function 
become sharper as the carrier dimensionality decreases. FIG. 1 A shows a theoretical 
density of states function for a bulk material, which has a square root dependence on 
energy. FIG. IB shows the theoretical density of states function for a quantum well 
(one dimension of quantum confinement) which increases in steps at each quantum 
well energy level. FIG. 1C shows the theoretical density of states function for a 
quantum wire (two dimensions of quantum confinement). FIG. ID shows the 
theoretical density of states function for a quantum dot (three dimensions of 
quantum confinement) which has a delta-like density of states function (e.g., a finite 
number of states available only at the quantum dot). Theoretical calculations 
indicate that the threshold current of a semiconductor laser may be improved by 
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using quantum dot active regions due to the smaller volume of material and reduced 
number of states. 

[0006] Quantum wire and quantum dot lasers emitting light in the 1.3 to 1.6 
micron wavelength range are of particular interest for fiber optic communication 
systems. Commonly, InGaAsP is used to fabricate long wavelength quantum well 
lasers. Conventional approaches to fabricating quantum dots in InGaAsP include 
etching and regrowth techniques to pattern and embed InGaAsP quantum dots. 
Unfortunately, the drawbacks of conventional approaches to fabricating quantum dot 
and quantum wire lasers have limited the commercial applications of quantum dots, 
particularly in the 1 .3 to 1 .6 micron emission wavelength range. One potential 
problem in fabricating quantum dot and quantum wire lasers is deleterious non- 
radiative interface recombination. Quantum dots and quantum wires have a large 
surface-to-volume ratio which render them especially sensitive to interface defects. 
Additionally, the small fill factor of quantum dot and quantum wire active regions 
can cause significant current leakage, i.e., a significant fraction of the laser drive 
current is not injected into the quantum dots or quantum wires and/or is depleted 
from the quantum structure by thermionic emission. 

[0007] The drawbacks of conventional quantum dot laser fabrication methods 
can result in a threshold current that is much greater than the theoretical limit. 
Additionally, these same drawbacks can make it difficult to form semiconductor 
active regions capable of lasing over a wide wavelength range. In conventional 
quantum well lasers, the peak of the gain spectrum shifts to shorter wavelengths as 
the carrier density in the quantum well increases. This permits an approximately SO- 
TS nanometer tuning range in external cavity lasers by adjusting the threshold gain 
level. Similarly, conventional quantum well lasers have a shift in gain spectrum 
with carrier density that permits an approximately 10 nanometer wavelength tuning 
range in temperature tuned distributed feedback lasers. However, in a quantum dot 
laser, non-radiative interface combination and current leakage can be a particularly 
severe problem for quantum dot lasers having a high threshold gain because the 
correspondingly larger quasi-Fermi levels at high gain levels may result in a high 
percentage of leakage current and substantial non-radiative interface recombination. 
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These deleterious effects can limit the ability to use a quantum dot laser structure 
over a large wavelength range. 

[0008] What is desired are improved quantum dot structures for opto-electronics 
applications. 

Summary of the Invention 

[0009] Quantum dot active region opto-electronic devices are disclosed. The 
quantum dot active region devices have a sequence of quantum confined energy 
states and a distribution in dot size that facilitates forming a continuous optical gain 
spectrum over an extended wavelength range. In one embodiment, the quantum dots 
are self-assembled quantum dots that form elongated in one direction of the growth 
plane. In a preferred embodiment, the mean length of the quantum dots is at least 
about three times their width. The distribution in dot size is preferably selected so 
that the inhomogenous gain broadening is at least comparable to the homogenous 
gain broadening. In one embodiment, the mean dot size is selected so that the 
optical transition energy value associated with the first excited quantum confined 
state is less than 30 meV greater than the optical transition energy value associated 
with the ground state. The quantum dot active region may be utilized in a variety of 
opto-electronic devices that benefit from a broad optical gain spectrum, such as 
tunable wavelength lasers and monolithic multi-wavelength laser arrays. 

Brief Description of the Drawings 

[0010] FIGS. 1 A, IB, 1C, and ID illustrate the density of states function for 
bulk semiconductors, quantum wells, quantum wires, and quantum dots, 
respectively. 

[0011] FIG. 2A is a perspective view of the core region of an idealized quantum 
dash. 

[0012] FIG. 2B is a side view of an embedded quantum dash. 
[0013] FIG. 2C is a side view of a quantum dash embedded in a quantum well. 
[0014] FIGS. 3A, 3B, and 3C are perspective views illustrating some of the 
steps used to form a quantum dash laser. 
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[0015] FIG. 4 is an atomic force microscopy image of self-assembled elongated 
InAs islands. 

[0016] FIG. 5 illustrates a growth sequence for embedding quantum dashes. 
[0017] FIG. 6 illustrates a growth sequence for embedding quantum dashes. 
[0018] FIG. 7 A is a first growth sequence for quantum dash lasers. 
[0019] FIG. 7B is a second growth sequence for quantum dash lasers. 
[0020] FIG. 8 shows an electronic conduction band of a quantum dash laser 
illustrating some of the considerations for designing lasers with quantum dashes 
embedded in quantum wells. 

[0021] FIG. 9 is a perspective view of a ridge laser embodiment of a quantum 
dash laser. 

[0022] FIG. 10 is a plot of room temperature photoluminescence results for an 
exemplary quantum dash laser. 

[0023] FIGS. 1 1 A, 1 IB, and 1 1 C are diagrams illustrating some of the factors 
that permit quantum dash lasers to provide gain over an extended wavelength range. 
[0024] FIG. 12A shows experimental plots of electroluminescence intensity as a 
function of wavelength for a LED with a quantum dash active region operated at 
several different current densities whereas FIG. 12 is an illustrative diagram of 
tuning range as function of current density. 

[0025] FIG. 13 shows experimental plots of electroluminescence intensity as a 
function of wavelength for a LED with a conventional quantum well active region 
operated at several different current densities. 

[0026] FIG. 14A is a first plot illustrating a method of designing a quantum dash 
laser for operation over an extended wavelength range. 

[0027] FIG. 14B is a second plot illustrating a method of identifying growth 
parameters for quantum dash lasers to be operated over an extended wavelength 
range. 

[0028] FIG. 15 illustrates a generic external cavity laser for selecting the lasing 
wavelength of a quantum dash laser. 

[0029] FIGS. 1 6A and 1 6B illustrate examples of external cavity laser 
configurations that may be used to tune the wavelength of a quantum dash laser. 
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[0030] FIG. 17 is a perspective view illustrating a multi-section DFB/DBR laser 
with a quantum dash active layer. 

[0031] FIG. 18A illustrates some of the layers of a DFB quantum dash laser. 
[0032] FIG. 18B are plots of the wavelength tuning of the gain peak and Bragg 
wavelength for conventional lasers and quantum dash lasers. 
[0033] FIG. 19A is a perspective view of a multi-wavelength laser array. 
[0034] FIG. 19B is a top view of the multi-wavelength array coupled to an 
optical combiner as part of a wavelength division multiplexed system. 
[0035] FIG. 19C illustrates temperature tuning of the array of FIG. 19A. 
[0036] FIG. 20 illustrates major portions of a VCSEL having a quantum dash 
active region. 

[0037] FIG. 21 is a top view of a quantum dash transistor structure. 

[0038] FIG. 22 is a cross-section view of the quantum dash transistor structure 

of FIG. 21 along line 21-21. 

[0039] FIG. 23 is an atomic force microscopy image of chains of quantum dots. 

Detailed Description of the Preferred Embodiments 

[0040] The present invention is directed towards the fabrication of quantum dots 
for use in opto-electronic devices, such as optical amplifiers, discrete lasers, tunable 
lasers, and monolithic arrays of lasers, although it will be understood that the 
quantum dots have other applications as well. In one embodiment, the quantum dots 
are self-assembled quantum confined nanostructures that the inventors refer to as 
"quantum dashes." FIG. 2A is a perspective view illustrating the dimensions of the 
core regions of quantum dashes. The quantum dashes 205 are elongated quantum 
dots having a mean height, h, width, w and length, 1, as shown in FIG. 2A. In one 
embodiment, each of the three dimensions (h, w, and 1) of the quantum dash is 
selected to be less than the room temperature thermal de Broglie wavelength. 
Generally speaking, the core regions of the quantum dashes comprises a plurality of 
spaced apart mesas, such as core regions 205-A and 205-B formed on a 
semiconductor substrate 210. However, it will be understood that the core regions 
of the quantum dashes may include a distribution of quantum dot shapes other than 
elongated mesas. As indicated in the side view of FIG. 2B, typically an underlying 
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layer 215 is first formed on a substrate 210. The quantum dashes 205 are embedded 
in an embedding layer 220. Additional layers, such as a strain compensation layer 
225, may also be grown. As shown in the side view of FIG. 2C, the quantum dashes 
205 may be formed in quantum wells comprising a bottom barrier layer 290, first 
and second quantum well layers 280, 285, and a top barrier layer 295. The material 
composition of the layers is preferably selected such that the lattice mismatch of 
thick layers is lattice matched or nearly lattice matched (e.g., less than the critical 
thickness for dislocation formation) to prevent the formation of deleterious misfit 
dislocations. It will be understood, however, that the dashes and individual layers 
may be pseudomorphic strained layers. 

[0041] Referring again to FIG. 2A S the height of the core region of a quantum 
dash 205 is measured in a direction perpendicular to the plane of the substrate 210 
along a z-axis corresponding to the direction of growth. Consequently, it will be 
understood that the height, h, may also be referred to as a thickness with respect to 
the thickness of other grown layers (e.g., grown layers along the z axis are 
commonly described by a growth thickness). The length and width are measured in 
x, y directions parallel to the growth plane (i.e., a plane parallel to the plane of the 
substrate). In one embodiment, typical values of the height are in the range of about 
2-12 nanometers (hereinafter "nm"). The height, h, of each quantum dash is 
preferably equal to or less than its width (e.g., typical values of the width are in the 
range of 10-30 nm). In one optical device embodiment, the mean value of the ratio 
of the length-to-width of the dashes is preferably selected so that the quantum dash 
has a ground state energy level that saturates at room temperature and with a 
sequence of excited states that have an energy level separation that facilitates 
forming a high, broad optical gain spectrum. In one embodiment, the mean length- 
to-width ratio of the quantum dashes is in the range of 3 : 1 to 20: 1 . As described 
below in more detail, the quantum dashes have some of the desirable properties of 
both conventional quantum dots and quantum wires, making them useful in a variety 
of electronic and optical devices. 

[0042] In a preferred embodiment, the quantum dashes are fabricated as self- 
assembled structures (sometimes also known as "self-organized structures") in the 
IQ-V compound semiconductor materials system. In the III-V compound 
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semiconductor system the group HI element may comprise Al, Ga, or In, whereas 
the group V element may comprise at least one of the elements N, P, As or Sb. 
Relationships between bandgap energy and the lattice constant of different III-V 
compounds are well known by those in the art such that it will be understood that the 
present invention may be practiced with a variety of UI-V semiconductor alloy 
compositions. GaAs and InP are the most commonly used III-V compound 
semiconductor substrates, although other types of substrates may also be used as 
well. Self-assembled nanostructures may be fabricated using a variety of crystal 
growth techniques that have sufficient surface kinetic reactions (e.g., surface ad- 
atom or molecular migration) that favor island growth in response to the growth of a 
higher lattice constant material upon a lower lattice constant material, including 
growth techniques such as molecular beam epitaxy (MBE), gas source MBE 
(GSMBE), metallo-organic chemical vapor deposition (MOCVD). The island 
growth of conventional quantum dots is typically in the shape of dots having a 
length that is not more than twice its width. Additionally, under certain 
circumstances self-assembled quantum wire nanostructures form. See, ejj., J. Brault 
et al., "Role of buffer surface morphology and alloying properties on the properties 
of InAs nanostructures grown on InP (001)," Appl. Phys. Lett . , vol. 73, no. 20, pp. 
2932-2934, Nov. 1998. Self-assembled wire formation is attributed to orientation- 
dependent surface diffusion and orientation-dependent step edges that influence 
growth rates along preferred crystal direction. However in accord with a preferred 
embodiment of the present invention, growth conditions are selected to achieve the 
intermediate result of elongated quantum dots which are not continuous quantum 
wires and which have a length-to-width ratio of at least 3. 
[0043] FIGS. 3A-3D illustrated some aspects of the fabrication of self- 
assembled quantum dashes. Referring to FIG. 3A, a substantially planar III-V 
compound semiconductor support layer 310 having a first bandgap energy is grown, 
such as a layer of AlGalnAs or InGaAsP. The support layer may be grown either 
directly on a substrate (e.g., a (100) InP substrate) or upon other layers previously 
grown on the substrate. As described below in more detail, in one embodiment the 
support layer is a first portion of a quantum well grown on an underlying barrier 
layer 308, a waveguide layer 306, and a cladding layer 304. In one embodiment, the 
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growth parameters of the support layer are selected to achieve a mean surface 
roughness of less than 0.3 nm. 

[0044] Referring to FIG. 3B, growth parameters are selected to form self- 
assembled islands 320 during deposition of a second lower bandgap compound 
semiconductor having a larger relaxed lattice constant than the underlying layer 
(e.g., a layer of InAs grown on AlGalnAs). In particular, the lattice mismatch of the 
lower bandgap semiconductor is preferably selected to be at least about 1.8% greater 
than the underlying semiconductor layer to produce a Stranski-Krastanow (S-K) 
growth mode. In the S-K growth mode, the driving force for the formation of 
islands is the reduction in strain energy afforded by elastic deformation, i.e., for S-K 
growth it is more energetically favorable to increase surface energy by islanding 
than by relaxing strain by dislocation generation. In a S-K growth mode, the growth 
becomes three dimensional after a critical thickness of the larger lattice constant 
material is grown upon an initial wetting layer. In conventional S-K growth, dot- 
shaped islands tend to form that have a length-to-width ratio typically between about 
1 :1 to 2: 1 . In a preferred embodiment of the present invention, the substrate 
orientation, composition of the underlying layers, and growth factors affecting the 
surface kinetics (e.g., growth rate and temperature) are selected to favor the 
coalescence of dot shaped islands into elongated islands that have a mean length to- 
width ratio of at least 3:1 . As described below in more detail, appropriate selection 
of the growth parameters permits control over the height and the length-to-width 
ratio of the dashes. 

[0045] As shown in the illustrative diagram of FIG. 3B, each island 320 of low 
bandgap semiconductor is an elongated quantum dot that has a nominal height, 
width and length. The islands tend to be aligned along a preferred crystal 
orientation. A residual wetting layer 325 may remain on the surface of well portion 
310. After the self-assembled islands are formed, they are embedded in a third, 
higher bandgap material 330 (e.g., a layer of AlGalnAs or InGaAsP) to form a 
quantum dash as shown in FIG. 3C. It will be understood that interdiffusion, phase 
segregation, and spinodal decomposition during the embedding process need to be 
taken into account because they may affect the shape and composition of the 
quantum dashes. In one embodiment, the quantum dashes are embedded in a second 
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well portion 330, followed by a second barrier layer 335, waveguide layer 340, clad 
layer 345, and cap layer 350. Each quantum dash thus consists of an elongated 
island of low bandgap material surrounded on all sides by a higher bandgap 
material. It will be understood that once a planar surface is restored that additional 
quantum dashes may be formed if desired by repeating the island formation process. 
[0046] A preferred epitaxy technique to fabricate the quantum dashes is MBE, 
although it will be understood that other epitaxy techniques may be used as well. In 
one embodiment, the self-assembled dashes are InAs islands that form on an 
AlGalnAs support layer grown on an (100) oriented InP substrate. The InP substrate 
is preferably cleaned in ultra-high vacuum prior to growth by heating the substrate to 
520° C under an 8 x 10 -6 As 2 millibar (mbar) beam equivalent pressure (BEP). In 
one embodiment, a quaternary support layer of AlGalnAs at least several tens of nm 
in thickness is then grown on the InP substrate. The growth temperature of the 
AlGalnAs is preferably in the range of 450 °C to 550 °C for optical devices. The 
As 2 BEP is preferably between 6 x 10" 6 to 1.5 x 10~ 5 mbar. In one embodiment, the 
AlGalnAs layer is closely lattice matched to the InP substrate. In a preferred 
embodiment, the In and As 2 fluxes are selected to grow an equivalent thickness of 2 
to 7 monolayers of InAs. The growth temperature is preferably selected to grow 
high quality InAs. In one embodiment, the growth temperature of the InAs is also 
within the temperature range of 450 °C to 550 °C. For these growth conditions, 
elongated islands form on the AlGalnAs having a distribution of widths and lengths 
dependent upon the growth temperature, growth rate, and equivalent thickness. The 
height of the dashes varies between about 2 and 10 nanometers, depending on the 
equivalent thickness and growth temperature. The dashes are elongated along the 

<01 1> crystal direction. A low coverage of InAs tends to increase the mean length 
of each dash. Additionally, an increased growth temperature tends to also result in 
a more uniform distribution of dot sizes. Conversely, an increase in growth rate 
tends to reduce the uniformity of the dash size. 

[0047] FIG. 4 shows an atomic force microscopy (AFM) image of uncapped 
InAs islands formed on AlGalnAs planar layers that are closely lattice matched to a 
(100) InP substrate. The test structure of FIG. 4 was grown using molecular beam 
epitaxy conditions similar to those described above. The scale of the image along 
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the X and Y dimensions is 0. 25 microns and 0.3 microns, respectively. Empirical 
measurements indicate a typical dash length of about 300 nanometers, a typical dash 
width of about 25 nanometers, and a typical dash height of 5 nanometers. However, 
it can be seen that the islands 320 have a statistical distribution in length, width, and 
height with respect to each other such that it is more appropriate to refer to a mean 
length, width, and height of the as-formed InAs islands. It can also be seen that 
there is a distribution in shapes, as well. 

[0048] As previously described, the quantum dashes may be embedded in 
quantum wells. The composition of the quantum well layer may be selected to be 
lattice matched with respect to the substrate or strained up to the critical thickness 
for the generation of misfit dislocations. Referring to FIG. 4, it can be seen that the 
as-grown islands may have a significant variation in height. For quantum dashes 
embedded in quantum wells it is desirable that the islands be completely embedded 
in the quantum wells. There are several techniques that may be used to ensure that 
the dashes are completely embedded. Referring to the illustrative side view of FIG. 
5, in one embodiment the quantum dashes 520 are embedded between an underlying 
quantum well layer 510 having a thickness of dl and an upper quantum well layer 
530 having a thickness of d2, with d2>dl. The quantum well layers are disposed 
between top and bottom barrier layers 508, 535, having a bandgap energy larger than 
that of the quantum well layers. Selecting the thickness of the upper quantum well 
layer to be thicker than the maximum InAs island height facilitates embedding all of 
the quantum dashes despite variances in the height of the quantum dashes. FIG. 6 is 
an illustrative side view of an embodiment in which growth parameters are adjusted 
to trim the quantum dashes. In this embodiment, InAs quantum dashes are grown 
and a top quantum well layer grown. The thickness of the top quantum well layer 
may be selected to be less than the height of the as-grown InAs islands. In this 
embodiment a thermal desorption (evaporation) step is performed after the growth of 
quantum well layer 530 to remove any uncovered portions of the InAs dashes (as 
indicated in phantom), thereby trimming the height of the dashes. 
[0049] The quantum dashes may be included in the active regions of a variety of 
opto-electronic devices requiring optical gain, such as optical amplifiers and lasers. 
In particular, quantum dashes may be included in the active region of a p-i-n laser 
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diode structure that includes an optical waveguide structure to provide optical 
confinement. The laser structure may comprise a bottom optical cladding layer 
grown having a first doping polarity; a first undoped waveguiding core layer; a 
quantum dash active region, a second undoped waveguiding core layer, and a top 
optical cladding layer of a second doping polarity. 

[0050] FIGS. 7A and 7B are illustrative diagrams growth sequences for quantum 
dash lasers. A n-type AUnAs optical cladding layer 705 is grown that is lattice 
matched to a n-type InP substrate 702. In one embodiment, a graded interface layer 
704 is included to reduce electrical resistance. A first AlGalnAs waveguiding layer 
710 having an energy bandgap corresponding to 1.03 eV is then grown. The 
AlGalnAs waveguiding layer preferably has a thickness of between about 100 nm to 
500 nm. A first AlGalnAs quantum well barrier layer 715 is then grown having a 
composition corresponding to a bandgap energy of 1.03eV. In one embodiment, the 
barrier layer is an Alo.i8Gao.32Ino.5As layer having a thickness of about 15 nm. A 
first quantum well layer 720 is then grown. In one embodiment, the first quantum 
well layer comprises a 1.2 nm layer of Alo.2Gao.15Ino.65As having a semiconductor 
bandgap energy of 0.95 eV. A preselected nominal InAs layer thickness 725 is then 
grown having a sufficient number of monolayers of InAs to form islands. In one 
embodiment, the nominal InAs layer thickness is 0.9 nm. Mean dimensions for the 
dashes are 300 nm, 25 nm, and 5 nm for the length, width, and height respectively, 
as measured by AFM for a growth temperature of 520 °C. A second quantum well 
layer 730 is then grown to embed the islands. In one embodiment, the second 
quantum well layer is a 6.3 nm layer of Alo.2Gao.15Ino.65As having a semiconductor 
bandgap energy corresponding to a wavelength of 1.2 microns. A second barrier 
layer 735 is then grown. In one embodiment the second barrier layer is 15 nm of 
Alo.i8Gao.32Ino.5As. Multiple layers of embedded quantum dashes may be formed by 
repeating the growth sequence of layers 715, 720, 725, 730 735 for a desired number 
of cycles (e.g., one, three, five, or ten times). In one embodiment, the sequence of 
layers 715, 720, 725, 730, and 735 is repeated five times. A second waveguiding 
layer 740, such as an Alo.2Gao.15Ino.65As layer may then be grown. A p-type optical 
cladding layer 745 of Alo.4slno.52 As is then grown. A highly p-doped cap layer 750 
may then be grown to facilitate forming high quality ohmic contacts to diode laser 
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structure. A grading composition p-type layer 748 may be included to further 
reduce contact resistance. 

[0051] The refractive indices of the optical cladding layers 705 and 745 and the 
waveguiding layers 710 and 740 are preferably selected to achieve a significant 
optical confinement in cavity lasers formed from the material.* Empirical and 
theoretical technqiues to select optical cladding and waveguiding compositions and 
thicknesses are well known in the art. 

[0052] Generally speaking, the composition of the quantum well layers and/or 
the quantum well barriers may be selected to partially or totally compensate the 
strain of the quantum dashes, thereby reducing the tendency to form dislocations 
which might otherwise occur if multiple strained dash layers were grown. Note that 
the composition of the quantum well barrier layers in this example are selected to 
partially compensate for the strain of the quantum dashes and the quantum wells. In 
this embodiment, each quantum well is a compressively strained quantum well and 
the AlGalnAs barriers are tensile strained barriers. The quantum dash active region 
is preferably a pseudomorphically strained active layer. 

[0053] The quantum dashes of the present invention have several characteristics 
that make them of interest for use in semiconductor lasers and optical amplifiers. 
First, the electrical confinement of electrons and holes is high, even at comparatively 
high injection levels. One reason for this is that the fill factor (fraction of area 
occupied by dashes) of quantum dashes can be comparatively high (e.g., 20%) 
compared with conventional symmetric quantum dots due to the greater volume and 
higher packing efficiency of quantum dashes. The fill factor of quantum dashes is 
typically about twice that for quantum dots grown in comparable materials systems. 
A high fill factor tends to improve electron and hole capture when the quantum 
dashes are situated in the active regions of a semiconductor P-N laser diode junction 
since the high fill factor increases the statistical likelihood that electrons and holes 
injected into the active region enter and recombine in the dash layers. 
[0054] Another feature that improves carrier confinement is forming each 
quantum dash within a quantum well having high electrical quality interfaces. In 
the embodiment of FIG. 7 A, the cladding layers have abandgap energy of about 
1.27 eV. The inner waveguiding and barrier layers have a bandgap energy of about 
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1 .03 eV. The quantum well layers have a nominal bandgap energy of about 0.95eV. 
The InAs dashes have a nominal bulk bandgap of about 0.36 eV, although the 
strained quantum confined ground state energy is considerably higher. The quantum 
wells help to confine electrons and holes to the quantum dashes. While this provides 
a beneficial reduction in threshold current density of Fabry-Perot lasers designed to 
have a low threshold current, it also permits the quantum dashes to have acceptable 
current confinement when they are driven at high current levels (e.g., in lasers 
having a larger resonator loss). Moreover, the energy barriers of the quantum well 
help to prevent a loss of carriers at elevated operating temperatures that might 
otherwise occur due to thermionic emission of carriers out of the quantum dashes. 
[0055] FIG. 8 is an illustrative diagram of the conduction band energy diagram 
across the layer structure of FIG. 7 A pexpendicular to the substrate showing 
equilibrium carrier concentration, where Nb is the barrier carrier concentration, N qw 
is the quantum well carrier concentration, and N q a is the quantum dash carrier 
concentration. Electrons injected from the n-type cladding layer and holes injected 
from the p-type cladding layer enter the central waveguiding layer. There is a decay 
time, td for carriers N b in the barrier/waveguide layers to decay into the quantum 
well carrier population N qw . Conversely, there is thermionic emission of carriers out 
of the quantum well with a time constant t e ^ w . The quantum well carrier population 
is depleted by non-radiative recombination at the quantum well interfaces with a 
lifetime x nr ^ w . Additionally, there is radiative recombination of quantum well 
carriers with a lifetime x r ^ w . In equilibrium carriers may enter the dash from the 
quantum well with a time constant T c -qd and leave by thermionic emission with a 
time constant x e -qd. Carriers are depleted from the quantum dashes by radiative 
recombination, with a time constant of x r ^d and non-radiative recombination with a 
time constant of T nr -qd. Generally speaking if the quantum well growth is optimized, 
tnr-qw increases, i.e., comparatively little current is wasted on non-radiative interface 
combination in the quantum wells. Similarly, if the quality of the dash interfaces is 
optimized, comparatively little current is wasted on non-radiative recombination in 
the dashes. The thermionic emission of earners out of the quantum .well is reduced 
by selecting the quantum well parameters such that there is a significant energy 
difference Ui between the quantum well energy barrier and the barrier energy level. 
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Thermionic emission of carriers out of the quantum dashes (into the quantum wells) 
is reduced by selecting dash and quantum well barriers such that there is a 
significant difference U2 in the energy levels of the quantum dash and the quantum 
well. 

[0056] One benefit of a quantum dash active region that makes them of interest 
for lasers is that a low threshold current density for lasing may be achieved. FIG. 9 
is a perspective view of one embodiment of a ridge laser structure 900 fabricated 
from a materials structure similar to that shown in FIG. 7B. Ridge 905 has a 
width, W, and height, h, selected to form a lateral waveguide. In one embodiment 
the ridge 905 is formed by inductively coupled plasma (ICP) etching and wet 
oxidation of the upper p-Alo.4sIno.52 As cladding layer. The dashes of the active 
region 910 are preferably oriented perpendicular to the long direction of the ridge. 
The ridge lasers are preferably A10 x patterned ridge laser structures. In one 
embodiment, the ridge lasers are fabricated as Fabry-Perot lasers having a 
longitudinal length, L, of an optical cavity formed by the ridge 905 with the 
reflectance from two facets 940 and 945 providing the optical feedback of the laser. 
Test lasers have a room temperature threshold current density as low as 350 A/cm 2 . 
An optical amplifier may be formed form a similar ridge structure by suppressing 
the reflection from facets 940 and 945 (e.g., by anti-reflection coating the facets or 
using other conventional techniques to reduce the reflectance of light from the facets 
back into the laser cavity). While a ridge laser embodiment is shown in FIG. 9, it 
will be understood that a quantum dash active region may be employed in a variety 
of conventional Fabry-Perot laser structures and optical amplifier structures. 
[0057] Another benefit of the quantum dash lasers of the present invention is 
that the quantum dash growth parameters may be selected to permit lasing at a wide 
range of potential lasing wavelengths at a comparatively low current density and a 
high optical gain due to the closer energy level spacing in an elongated dash. In 
particular, growth parameters may be selected that result in a broad and high optical 
gain spectrum. As is well-known, the optical gain spectrum for an opto-electronic 
device is the optical gain as a function of wavelength. 

[0058] FIG. 10 shows room temperature photoluminescence of InAs quantum 
dash material for a structure similar to that of FIG. 7 A. The full width of half 
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maximum (FWHM) is typically greater than 30 meV. The breadth is attributed, in 
part, to inhomogenous broadening of the optical gain due to statistical variations in 
the length, width, and height of each quantum dash which result in a variance in the 
quantum confined energy levels of each dash. 

[0059] FIGS. 1 1 A, 1 IB, and 1 1 C are illustrative diagrams of optical gain versus 
energy that illustrate how quantum dash parameters may be selected to achieve a 
broad, high optical gain spectrum. As shown in FIG. 1 1 A, an ensemble of 
uniformly sized quantum dashes that functioned as ideal quantum dots would have 
an atomic-like density of states and optical gain. The dashed lines about a ground 
state energy, E0 and a second peak at a first excited state El are for ideal quantum 
dots. For ideal quantum dots, the optical gain saturates above a certain pumping 
level (since all of the available finite number of states in the delta-function density 
of states are populated). The inventors have discovered that there is significant 
homogenous broadening of the optical gain spectrum of quantum dot lasers, as 
indicated by the curved response about E0 and EL The homogenous broadening 
may be attributed, for example, to collisions of electrons with phonons and other 
electrons FIG. 12B illustrates the effects of inhomogenous broadening associated 
with a variation in dash size. Since the dashes are not quantum mechanically 
coupled to each other (i.e., each dot behaves as if it is an independent lasing media 
within the same cavity) the variation in dash size results in a distribution of the 
ground state and excited state energies of the dashes, further broadening the gain 
function. If the homogenous broadening is comparable to the inhomogenous 
broadening a continuous and smoothly varying gain response will result. As 
indicated by FIG. 1 IB, the interplay of homogenous and inhomogenous broadening 
may more than double the width of the gain response. A lasing-mode photon will 
receive gain from not only the energetically resonant dashes but also from other non- 
resonant dashes that lie within the range of homogenous broadening. As indicated 
in FIG. 12 C, if the separation between the ground state and the excited states of the 
quantum dashes is also appropriately selected, a continuous gain response can be 
achieved over an extended wavelength range (with increased gain at higher energy 
due to the increased degeneracy of the higher order states). However, since each 
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dash still retains a delta function density of states, the gain response still has a 
ground state saturation characteristic similar to ideal quantum dots. 
[0060] The inhomogenous broadening and separation between energy levels of 
the quantum-confined states can be substantially controlled by appropriate selection 
of quantum dash growth parameters. The quantum confined energy levels of a dash 
are determined by its composition, the composition of barrier layers, and by the 
height, length, and width of the quantum dash. Variance in the height, length, and 
width, of each quantum dash increases the inhomogenous broadening. Additionally, 
the energy spacing between the ground state and excited states of the quantum dash 
can be controlled by selecting the height, length, and width of the dash. A quantum 
dash can be modeled as an elongated quantum box having a height, a width, and a 
length. As is well known, to a first order approximation, the first confined quantum 
states along each dimension of an ideal quantum box have energy levels that vary 
inversely with the square of the length, i.e. the energy levels, E n i, n2 ,n3, of an ideal 
quantum box with infinite barriers having a length Lx, a width Ly, and a height Lz 
is: E n i f n2,n3 = AEo(ni 2 /Lx 2 + n 2 2 /Ly 2 + n 3 2 /Lz 2 ), where m, n 2 , and n 3 each integers 
equal to or greater than 1 and AEo is a material constant. For a quantum box with 
finite energy barriers, the separation in energy between quantum states tends to vary 
more slowly due to the penetration of the quantum mechanical wave function into 
the barrier layers. The elongated quantum dots of the present invention may be 
grown with a variety of length-to-width-to-height ratios by, for example, adjusting 
the InAs monolayer coverage, growth rate, and growth temperature. This permits 
substantial control over the available quantum states for lasing while still retaining a 
high fill factor. 

[0061] The sequence of steps in energy of the quantum confined states of the 
quantum dashes may be selected to facilitate forming a broad, high optical gain 
spectrum. (It will be understood that the quantum confined states of electrons and 
holes each have quantum confined energy levels but that there is also an optical 
transition energy associated with electron-hole recombination, with the optical 
transition energy associated with the quantum confined states being measurable 
from the light generated by the quantum dashes. There is thus a ground state optical 
transition energy associated with the ground state, a first excited state optical 
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transition state energy associated with the first excited state, etc.). In particular, in 
one embodiment the mean size of the dashes is selected to beneficially increase the 
number of available quantum confined states for lasing by reducing the energy 
separation between the ground state and the first excited state to achieve a difference 
in optical transition energy of less than about 30 meV, with 20 meV being a 
preferred energy separation. For an active region with a ground state wavelength of 
about 1.5 to 1.6 microns, this corresponds to the optical transition associated with 
the first excited state being about 40 nm to 60 nm longer in wavelength than the 
optical transition associated with ground state. Similarly, the value of the optical 
transition energy associated with the second excited state is also preferably within 
about 20 meV to 30meV of the value of the optical transition energy associated with 
the first excited state. By way of comparison, experiments by the inventors indicate 
that it is difficult to achieve a similar sequence of energy values with an acceptable 
fill factor in quantum dots that are not elongated since the separation in energy 
values is typically greater than 30 meV. (See e.g., the paper by Li et al., " 150-nm 
Tuning Range in Grating-Coupled External Cavity Quantum-Dot Laser," IEEE 
Photonics Technology Letters, Vol. 12, No. 7, July 2000, which reports quantum 
dots having a ground state transition energy value at 1 .24 microns and a first excited 
state transition energy value at 1 .15 microns). 

[0062] In one embodiment, the energy difference of successive quantum 
confined states of the quantum dashes is selected to facilitate forming abroad, high 
optical gain spectrum. FIG. 12A is a plot of the electroluminescence (EL) intensity 
of a quantum dash light emitting diode (LED) at several different current densities. 
The LED is a ridge waveguide having a nominal width of 5 microns and a cavity 
length of 1 .4 millimeters. As indicated by plot 1205 a comparatively low current 
density of 0.7 kA/cm 2 , the optical intensity has a first peak at a wavelength of about 
1.61 microns, with the first peak being attributed to an optical transition energy of 
the ground state. The optical intensity is fairly broad, e.g., has a FWHM of about 
100 nm that is attributed to inhomogenous broadening associated with the variation 
in quantum dash size, the multiple closely spaced energy levels, and to homogenous 
broadening. The comparatively smoothness of the light output indicates that 
inhomogenous broadening and homogeneous broadening effects are likely to be 
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comparable in degree. As indicated in plot 1210, at a first higher current density of 
1 .43 kA/cm 2 a second peak in the light intensity occurs at a shorter wavelength of 
about 1.57 microns, corresponding to about a 20 meV shift. The peak at the second 
optical transition energy is attributed to the additional optical gain associated with a 
first excited state of the quantum dash.. As shown in plot 1220, at a still higher 
excitation level of 2.85 kA/cm 2 , a third peak appears at a still shorter wavelength of 
about 1 .53 microns that is attributed to the next excited state, which has an optical 
transition energy level that is also approximately 20 meV higher in energy than the 
second peak. 

[0063] A desirable feature illustrated in the plot of FIG. 12A is that the intensity 
(and hence the optical gain) saturates for the ground state once a certain current 
density is exceeded due to the nature of the delta- function density of states 
associated with the quantum dashes. This is in contrast to conventional quantum 
wells, in which the ground state does not saturate. FIG. 1 3 is a plot of 
electroluminescence intensity versus wavelength for a long wavelength quantum 
well LED. The LED is fabricated from an layer having an active region with three 
quantum wells and having a similar ridge dimensions to the structure of FIG. 12. 
The electroluminescence intensity (and hence the optical gain) increases for all 
wavelengths between 1.4 to 1.65 microns as the current density is increased from 0.7 
kA/cm 2 to 8.5 kA/cm 2 . With reference to dashed line 1 302, it can be seen that the 
gain curve increases in height and shifts to higher energy without saturation. 
[0064] A semiconductor laser including a quantum dash active region may be 
designed to operate over a wide range of wavelengths at a comparatively low 
current. FIG. 14A is an illustrative plot 1410 of cavity optical gain (e 2gL where g is 
the gain per unit length and L is the length of the gain medium in the cavity) of a 
laser quantum dash active region at a selected current. Referring to FIG. 14A, a 
quantum dash active region may be designed to have a ground state quantum level 
corresponding to a peak 1405 at a wavelength X\. In the illustrative diagram the 
current is selected such that the gain at X x is saturated with a saturated value greater 
than gmin, a minimum gain, to overcome a resonator loss that includes a mirror loss 
and an absorption loss. If an extended tuning range is desired, the first excited 
quantum states (e.g., first excited state 1410 and second excited state 1415) 
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associated with quantum confinement along the length and width of the dashes may 
be designed to provide additional higher energy states, as indicated by the peaks 
1410 and 1415 between 1\ and Plot 1440 illustrates a gain response for a 
conventional quantum well laser. By way of contrast, a conventional quantum well 
active region providing gain over a comparable wavelength would not have a 
saturable gain at the first ground state of the quantum well, necessitating an 
extremely high current density to achieve the minimum gain over the entire 
wavelength range. Rough estimates by the inventors indicate that a quantum dash 
laser can achieve a wide tuning range with approximately ten times less current than 
a comparable quantum well laser. For example, a 240 nanometer tuning range has 
been achieved in a tunable quantum well laser operated at drive current of 33 
kA/cm2. See, e.g., H. Tabucho and H. Ishikawa, "External grating tunable MQW 
laser in an external cavity across the entire 1.3 |im communication window," 
Electron. Lett. , vol. 27, pp. 95-96, 1991. Referring again to FIG. 13, the 
electroluminescence spectrum of quantum dash lasers in accordance with the present 
invention indicate that a tuning range of greater than 240 nanometers is possible 
with a current density less than about 3.3 kA/cm 2 . 

[0065] FIG. 12 B is an illustrative plot of tuning range versus current density for 
a nominal 1 .5 micron wavelength laser tuned to shorter wavelengths. The quantum 
dot/dash plot 1280 is based upon experimental data of the inventors. The quantum 
well plot 1290 is based upon various numbers published in the literature. Referring 
to plot 1280, quantum dot lasers permit about 70 nm of tuning per each 1 kA/cm 2 
increase in pump current density. By way of contrast a conventional quantum well 
requires about 2.3 kA/ cm 2 to achieve a 70 nm tuning range. It can be seen in plot 
1290 that the quantum well has an abrupt increase in threshold current range when 
the tuning range exceeds 10% of the nominal wavelength (150 nm for this case). 
Above a 10% tuning range, the bias current increases dramatically, typically 
exceeding 10 kA/ cm 2 . However, for a long lifetime operation, quantum well lasers 
used in tunable lasers are commonly operated with a maximum current density 
corresponding to about a 70 nm tuning range. As can be seen in plot 1280 a 
quantum dot active region of the present invention may be tuned to greater than 150 
nm (e.g., greater than 200 nm) with current densities in the 2-3 kA/ cm 2 range. This 
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permits, for example, a single quantum dash laser to be used to achieve a tuning 
range of 1 80 nanometers at a current density of less than about 3 kAJ cm 2 which is 
impractical with conventional quantum well lasers. 

[0066] For a particular application, the total saturated gain of the ground state 
available may be adjusted using several different techniques. First, if more gain is . 
required the number of layers of quantum dashes can be increased in the active 
region, which increases the number of quantum dashes that an optical mode interacts 
with as it traverses the active region. Second, the length of the active region can be 
increased to further increase the total gain. The optical gain response can be 
adjusted by empirically varying growth parameters that produce inhomogeneous 
broadening (i.e., the size distribution of the dashes). 

[0067] An iterative technique may be used to select growth parameters as 
illustrated in the flow chart of FIG. 14B. For example, an initial selection of growth 
parameters may be selected 1480, including the equivalent monolayer thickness of 
the quantum dash layer, the growth temperature, Tg, the growth rate, Rg, and the 
thickness of the covering or embedding layer. Photoluminesence (PL) of test 
structures may then be performed. The PL is assessed 1485 to determine if the PL 
of the sample is centered around the desired wavelength and has a high intensity and 
FWHM greater than a preselected FWHM indicative of a desired level of 
inhomogenous broadening. Examples of criteria that may be used include: selecting 
the FWHM to correspond to a greater than a minimum energy spread (e.g., greater 
than a 30 meV spread in energy) or selecting the FWHM to be greater than about a 
preselected percentage of the center wavelength (e.g., greater than 1% of the center 
wavelength). 

[0068] If the sample does not satisfy the criteria, other growth parameters may 
be selected. If desired, light emitting diodes may be fabricated and EL 
measurements performed 1490 to determine if the excited quantum states of the 
quantum dashes beneficially contribute to broadening the gain response. If 
necessary, empirical growth parameters may be varied to adjust the spacing between 
the ground quantum state and excited states of the quantum dashes to beneficially 
broaden the gain response. For example, if a 20 to 30 meV separation between 
quantum states is desired, electroluminescence of test samples may be used to select 
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growth parameters for which the excited states of the quantum dashes are spaced 20 
to 30 meV above the ground state. 

[0069] A quantum dash laser of the present invention may be used as the active 
gain medium of a tunable external cavity laser. FIG. 1 5 is a top view of a generic 
external cavity laser. The threshold condition for lasing is that the summation of the 
resonator losses (mirror and internal losses) is balanced by the optical gain of the 
gain medium. In a tunable laser, a wavelength selector 1540 is included that has a 
reflectivity that is a function of wavelength. Typically a rear facet 1505 of a laser 
diode 1502 retains a high reflectivity whereas a front facet 1510 is processed to have 
an extremely low reflectivity. The threshold condition for the external cavity system 
is: Rie 2(g " ai)L1 R(X)e ( " 2aeL2) =l, where Rl is the reflectivity of the rear facet of the laser 
diode, g is the gain per unit length of the laser diode,, cri is the loss per unit length of 
the laser diode, LI the cavity length of the laser diode, R(X) the reflectivity of the 
wavelength selector, ae is the average loss per unit length of the external cavity, and 
L2 is the effective length of the external cavity. 

[0070] In an external cavity tunable laser, the wavelength selector may be any 
combination of external elements whose transmittivity or reflectivity response as a 
function of wavelength may be controlled such as to limit the optical feedback to the 
laser to a narrow wavelength band. Tunable external cavity lasers typically use an 
external grating arranged to provide wavelength-selective optical feedback based on 
wavelength-selective dispersion. Referring to FIGS. 16A and 16B, in an external 
cavity semiconductor laser typically one facet of a laser diode is coated with a high 
reflectivity (HR) material and the other facet is coated with an antireflection (AR) 
coating. An external grating is typically arranged to provide wavelength selective 
feedback back to the laser diode and to also serve as an output coupler. The 
reflectivity of the AR coating and the length of the laser cavity are preferably 
selected to suppress Fabry-Perot (FP) modes in the laser. It will also be understood 
that any known technique to suppress Fabry-Perot modes from the cleaved facets 
over a range of wavelength may also be used, such as incorporating unguided 
window regions or tilting the laser stripe with respect to the facet during device 
fabrication. The length of the semiconductor laser and residual reflectivity of the 
AR coated facet is preferably selected such that the external grating solely 
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determines the lasing wavelength. In one embodiment, the length of the 
semiconductor laser and the residual reflectivity of the AR coated facet is selected so 
that the laser is incapable of lasing off the ground state and at least the first excited 
state of the quantum dashes without feedback from the external grating. 
[0071] In an external cavity laser, the minimum gain must exceed the cavity 
losses. Thus, referring back to FIG. 15, to achieve a wide tuning range the saturated 
laser gain for the ground state should be selected to be greater than the total 
resonator losses, which include the absorption losses and mirror losses. However, 
the grating selected wavelength only depletes the optical gain within the 
homogenous gain broadening range such that the grating selected wavelength only 
suppress the FP mode only within pproximately 20 nm of the free-run emission 
wavelength. Consequently, in one embodiment, the peak gain at high quantum 
states, g p , is preferably selected to be sufficiently low to prevent deleterious lasing 
from FP modes due to residual facet reflectivity of the front facet. 
[0072] Two common external cavity configuration are the Littman-Metcalf 
external cavity and the Littrow external cavity. FIG. 16B is an illustration of a 
Littman-Metcalf laser cavity. FIG. 16A is an illustration of a Littrow laser cavity 
1608. In the Littrow cavity the angle of incidence of the light received by the 
grating 1630 from the laser 1610 is such that the beam is reflected back to the laser 
serving the function of one mirror of the laser cavity. The angle of the grating 
determines the wavelength. An etalon is sometimes included in a Littrow 
configuration to decrease the cavity bandwidth. In the Littman-Metcalf 
configuration 1600, the grating 1630 diffracts the light towards a tuning mirror 1610 
(also known as a retroreflector), which determines the feedback. Collimating lenses 
1605 are typically included in an external cavity laser to improve the coupling of the 
laser output to the grating. 

[0073] One application of a tunable laser in accord with the present invention is 
for testing & monitoring (T&M) applications. A practical tunable laser for T&M 
applications must have a maximum operating current selected to achieve a 
reasonable laser lifetime (e.g., a current density of greater than 10 kA/cm 2 is 
typically correlated with a degraded lifetime) . In commercially available tunable 
lasers using quantum well gain medium the quantum well lasers have useful 
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wavelength range of about 70 nanometers. However, in many applications it is 
desirable to have a larger tuning range. For example, in some fiber optic 
applications it is desirable to be able to continuously tune across the S + band (1450- 
1490 nm), S band (1490 nm-1530 nm), C band (1530-1570 nm), L band (1570-1610 
nm), and L + band (1610-1650 nm). Conventionally, three tunable lasers, each 
having quantum well gain media optimized for different wavelength ranges, would 
be required for T & M over a 200 nanometer tuning range. By way of contrast, the 
quantum dash lasers of the present invention have a continuous tuning range of at 
least 200 nanometers at practical current densities. 

[0074] It will be also be understood that the quantum dash active regions of the 
present invention may be used in laser structures having an integrated wavelength 
selector element to tune the lasing wavelength. A variety of other semiconductor 
laser structure with wavelength selector elements are known in the art. In particular, 
a variety of tunable distributed bragg reflector (DBR) and distributed feedback laser 
structures (DFB) are known in the lasing art. DFB and DBR lasers include a grating 
that define a Bragg wavelength condition given by Ajn=2nA/m, where Ais the 
grating period, n is the refractive index of the material, and m is the diffraction 
order. The Bragg wavelength condition defines a wavelength having a high 
effective reflectivity associated with the grating. As shown in FIG. 17, multi-section 
DFB and DBR lasers are known in the art having a plurality of sections 1705, 1710, 
171 5 in which a current may be adjusted in one section of the laser to adjust the 
refractive index of a portion of the grating 1720 of the laser and hence its Bragg 
wavelength. A conventional tunable DFB or DBR laser may be modified to include 
a quantum dash active region 1730 of the present invention. 
[0075] Additionally, the output wavelength of a semiconductor laser having a 
quantum dash active region may be temperature tuned. Referring to FIG. 18 A, a 
distributed feedback laser having a quantum dash active region 1805 may include 
any conventional grating structure to establish a Bragg lasing condition from the 
periodicity of a grating fabricated on waveguide layersl820, 1830 having different 
refractive indices. In a conventional DFB laser, thermal expansion and the 
temperature dependence of the refractive index causes a shift in the Bragg 
wavelength of about 0.1 nm/°C. In conventional 1.5 micron lasers the gain peak 
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shifts by about 0.4°C. The result is that there is a limited temperature range (e.g., 
typically about 40 °C) over which the DFB laser retains good modal properties, i.e., 
the DFB laser tends to have too high a threshold current or has poor mode 
discrimination if the temperature rises such that the gain peak is substantially longer 
in wavelength than the Bragg wavelength. FIG. 18B shows the shift in Bragg 
wavelength and gain peak versus temperature for conventional 1.5 micron lasers. 
Quantum dash active regions are expected to have the same gain shift behavior as 
other types of quantum dots due to the delta function density of states associated 
with the three dimensional quantum confinement of the quantum dashes. 
Experiments by the inventors indicated that quantum dots have a measured shift in 
peak gain of only about 0.17 nm/°C due to the delta function density of states 
associated with the three dimensional quantum confinement. The reduced 
temperature sensitivity of the gain peak along with the broad gain function permits a 
temperature tuned DFB quantum dash laser to achieve an increased tuning range 
compared to a conventional bulk or quantum well DFB laser. In one embodiment of 
a DFB laser, the Bragg wavelength is selected to operate on the long wavelength 
side of the optical gain spectrum at a first operating temperature to facilitate 
operating the laser at higher operating temperatures (which shifts the optical gain 
spectrum to longer wavelengths). 

[0076] The quantum dash active region of the present invention may also be 
used in monolithic multi-wavelength arrays of lasers. FIG. 19A is a perspective 
view of a multiwavelength array 1900 of lasers 1920. Each laser 1920 may be 
fabricated as a ridge laser, buried heterostructure laser, or other laser structure 
providing lateral optical confinement. Each laser has a longitudinal cavity length, L. 
A conventional cleaving or etching process may be used to form a laser facet 1915. 
The array 1900 is formed on a common substrate 1905 having a quantum dash 
active region 1910. The growth parameters of the quantum dash active region 1910 
are selected to achieve a desired wavelength tuning range (e.g., 100 to 200 nm) 
within a desired range of current densities. Each laser is preferably a DFB or DBR 
laser having at least one grating section 1930 with the grating periodicity, A, of its 
grating selected to achieve a desired wavelength of the laser. One benefit of the 
monolithic multi- wavelength array 1900 is that the large tuning range of the 
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quantum dash active region 1910 permits DFB or DBR lasers 1920 having a large 
number of different output wavelengths to be simultaneously fabricated for dense 
wavelength division multiplexed (DWDM) applications. Alternately, array 1900 
may be used for wide wavelength division multiplexed (WWDM) applications in 
which it is desirable to have a smaller number of wavelengths but with a significant 
wavelength spacing. 

[0077] The optical characteristics of the quantum dash active region 1910 of 
array 1900 also permits each laser to be directly modulated at high data rates. 
Theoretical investigations by the inventors indicate that optimized quantum dash 
lasers should have a linewidth enhancement factor that is approximately a factor of 
five -to- ten lower than for conventional quantum well lasers along with a higher 
differential gain. This makes it practical to directly modulate quantum dash lasers at 
high data rates (e.g., 1 0 - 40 Gbit/s) with acceptable chirp. This is in contrast to 
conventional quantum well lasers, which are typically modulated with external 
modulator at high data rates to reduce chirping effects. Additionally, the low 
threshold current density of the quantum dash lasers of the present invention 
facilitate direct laser modulation. Typically, directly modulated high-frequency 
lasers require drive currents that are several times the threshold current. The 
comparatively low threshold current of each laser of multi wavelength array 1900 
facilitates direct modulation at high data rates. Consequently, in one embodiment, 
each laser of the multiwavelength array is directly modulated by varying its drive 
current. This eliminates the needs for external modulators, filters, and optical 
isolators used in conventional DWDM systems. As shown in FIG. 19B, if each laser 
of the array is directly modulated their outputs may be directly received by an 
optical combiner (MUX) 1950 module and coupled to an optical fiber. It will be 
understood that in a direct current modulation embodiment that any conventional 
high frequency packaging technique may be used to facilitate coupling microwave 
frequency drive currents to each laser. In one embodiment, each laser is driven by a • 
wire bond. However, a wire bond has a parasitic inductance such that long lengths 
of bonding wire may degrade performance at very high data rates. In another 
embodiment, microwave transmission lines are fabricated on array 1900 to facilitate 
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coupling microwave drive current to each laser. In still another embodiment, array 
1900 is mounted on a submount adapted to provide microwave current to each laser. 
[0078] One benefit of a multiwavelength array 1 900 of the present invention is 
that temperature tuning may be used to fine-tune the wavelength of a large number 
of wavelengths. Referring to FIG. 19C, in one embodiment, the nominal DFB 
wavelengths at a first temperature, Tj, are selected to cover an upper wavelength 
range of the gain spectrum. Tuning the temperature of array 1900 to a higher 
temperature T 2 shifts the gain spectrum at a slightly higher rate than the Bragg 
wavelengths. Due to the large initial width of the gain curve and the reduced 
temperature shift of the gain response of quantum dash lasers, a monolithic array of 
DFB lasers spanning a large wavelength range can be simultaneously tuned over a 
wide range. 

[0079] Another benefit of array 1900 is that the low threshold current density 
and slow drift of the gain response with temperature renders the lasers less 
susceptible to heating and thermal cross-talk. This may permit, for example, 
individual lasers to be more closely packed (e.g., a small inter-laser separation) 
compared with conventional quantum well lasers. Additionally, the thermal 
characteristics of array 1900 may facilitate operating the array junction up, i.e., with 
the substrate mounted to a heat sink. As is well known in the laser art, a junction 
down configuration (epitaxial layer mounted to the heat sink) has less thermal 
resistance but typically increased the packaging complexity and cost. Still another 
benefit of array 1900 is that for some applications, such as WWDM, the need for the 
heat sink to be cooled may be eliminated. 

[0080] In one embodiment, a quantum dash active region is included in a 
vertical cavity surface emitting laser (VCSEL) structure, as shown in FIG. 20. Any 
conventional VCSEL laser mirror and cavity structure may be used. In a VCSEL 
laser structure is it desirable to increase the dash density and include a sufficient 
number of dash layers to increase the modal gain. Conventional DBR layers may be 
used for top and bottom mirrors of the VCSEL. Moreover, the VCSEL may be any 
known tunable VCSEL. Tunable VCSEL structures include VCSELs having a 
variable effective cavity length, such as microelectormechanical (MEM) element, 
such as a cantilevered micro-mirror supported by a deformable membrane. 
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[0081] While the use of quantum dash active regions in semiconductor lasers has 
been described in detail, it will be understood that quantum dash active regions may 
also be used in semiconductor optical amplifiers (SOAs). SOAs are commonly 
manufactured from device structures similar to Fabry-Perot lasers, although 
typically SOAs are designed to have a sufficiently low facet reflectivity to suppress 
lasing. 

[0082] The quantum dashes of the present invention may also be modified for 
use in field effect transistor (FET) structures. In transistor structures it is desirable 
to select growth parameters that increase the length of the dashes to form dashes 
having a length comparable to the channel length. FIG. 21 is a top view of a 
quantum dash transistor structure having a source, drain, and gate region. FIG. 22 is 
a cross-section view along line 22-22 of FIG. 21. The quantum dashes form the FET 
channel and are preferably oriented perpendicular to the gate. One benefit of the 
transistor structure of FIGS 22-23 is that it may grown using similar materials as that 
used to fabricate quantum dash lasers, making it of potential interest for integration 
with quantum dash lasers. Additionally, the electron mobility in a quantum dash 
and saturation velocity is expected to approximately a factor of two greater than bulk 
material, improving the performance of the quantum dash transistor. 
[0083] In another embodiment, the active region of an electrical or optical 
device comprises chains of quantum dots formed by growing the quantum dots using 
a digital alloy technique. In this embodiment, the quantum dots have a ternary or 
quaternary composition, with the average composition of the dot selected to have an 
average lattice constant at least 1 .8% greater than the underlying substrate. The 
digital alloy technique forms the ternary/quaternary dot from a sequence of alloy 
layers. Each alloy layer preferably comprises atomic mono-layers or fractions of 
monolayers. In one embodiment, the quantum dots are grown using MBE with the 
dots grown on a (100) AlGaAs surface at a growth temperature of about 510 °C. In 
one growth sequence, beam flux rates are selected to correspond to a growth rate of 
GaAs of 650 nm/hr, and an InAs growth rate of 350 nm/hr. The AlGaAs surface 
was exposed to a sequence of fluxes: Is In + As 2 ; 9.5 s As 2 , 0.5 s nothing, 1 s Ga, 
0.5 s nothing, 9.5 s As 2 , which is repeated a desired number of cycles. Experiments 
by the inventors indicate that under some growth conditions that a digital alloy 
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growth technique results in the self-assembly of closely spaced dots, as shown in the 
AFM image of FIG. 22. The dot density is approximately 8 x 10 9 cm' 2 . The base 
diameter ranges from 70 to 1 10 nm and the height varies from 12 to 20 nm. The 
AFM images indicated that that dots are linked in an apparent chain with an interdot 

distance of less than 10 nm at their bases with neighboring chains separated by 40 

i.- 

nm on average. The short inter-dot distance on each chain is close enough that 
quantum tunneling of electrons between dots may occur. For this case, the chain of 
dots is anticipated to have quantum wire-like electron transport properties and may 
thus be used to fabricate high performance transistor structures similar to that shown 
in FIG. 22. 

[0084] While particular embodiments and applications of the present invention 
have been illustrated and described, it is to be understood that the invention is not 
limited to the precise construction and components disclosed herein and that various 
modifications, changes and variations which will be apparent to those skilled in the 
art may be made in the arrangement, operation and details of the method and 
apparatus of the present invention disclosed herein without departing from the spirit 
and scope of the invention as defined in the appended claims. 
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CLAIMS 



What is claimed is: 

1 1 . A semiconductor active region for providing optical gain, comprising: 

2 a quantum well formed on a substrate; and 

3 a plurality of quantum dots embedded in the quantum well; the quantum 

4 dots having a size distribution and a sequence of quantum confined energy states 

5 selected to form a continuous optical gain spectrum responsive to an electrical 

6 current; 

7 the dots having a ground state with an associated first optical transition 

8 energy value and a first excited state having an associated second optical transition 

9 energy value, the second optical transition energy value being not greater than 30 
10 meV greater than the first optical transition energy value. 

1 2. The active region of claim 1, wherein the ground state is saturable. 

1 3. The active region of claim 1 , wherein the substrate is an InP substrate, 

2 the quantum well is an AlGalnAs quantum well, and the quantum dots are 

3 comprised of InAs. 

1 4. The active region of claim 3, wherein the quantum dots are elongated 

2 quantum dots having a thickness less than a thickness of the quantum well and a 

3 length-to-width ratio in a plane parallel to the quantum well of at least about three. 

1 5. The active region of claim 3, wherein the optical gain spectrum has a 

2 wavelength spread of at least 150 nanometers at a current density not greater than 3 

3 kA/cm 2 . 

1 6. The active region of claim 3, wherein the optical gain spectrum has a 

2 wavelength spread of at least 10% relative to a center wavelength for a current 

3 density not greater than 3 kA/cm 2 . 

1 7. The active region of claim 6, wherein the quantum dots are elongated 

2 quantum dots having a thickness less than a thickness of the quantum well and a 

3 length-to-width ratio in a plane parallel to the quantum well of at least about three. 

1 8. The active region of claim 1, further comprising a second excited energy 

2 level with an associated third optical transition energy value that is within 30 meV 

3 of the of the second optical transition energy value. 
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1 9. The active region of claim 8, wherein the separation between energy 

2 values is not greater than 20 meV. 

1 10. A semiconductor active region for providing optical gain, comprising: 

2 a semiconductor quantum well having a substantially planar well layer 

3 disposed between two barrier layers and having a well thickness; and 

4 a plurality of quantum dots embedded in the quantum well, each quantum dot 

5 having a thickness less than the thickness of the quantum well and a length-to-width 

6 ratio in a plane parallel to the planar well layer of at least about three. 

1 11. The semiconductor active region of claim 1 0, wherein the plurality of 

2 quantum dots has a distribution in size about a mean size selected to form a 

3 continuous inhomogeneously broadened optical gain spectrum. 

1 12. The semiconductor active region of claim 1 1 , wherein the mean size of 

2 the quantum dots is selected to include a first excited quantum state having an 

3 associated optical transition energy value that is within 30 meV of a ground state 

4 optical transition energy value. 

1 13. The semiconductor active region of claim 1 1 , wherein the mean size of 

2 the quantum dots is selected to include a first excited quantum state that is within 20 

3 meV of a ground state transition energy value. 

1 14. The semiconductor active region of claim 1 0, wherein the quantum well 

2 is strained. 

1 15. The semiconductor active region of claim 1 0, wherein the quantum dots 

2 are comprised of a semiconductor having a larger relaxed lattice constant than the 

3 semiconductor quantum well layer, further comprising: 

4 at least one tensile strained layer proximate the quantum dots. 

1 1 6. A semiconductor laser, comprising: 

2 optical waveguiding means for providing optical confinement; 

3 quantum dot means having a sequence of quantum confined energy states with 

4 energy levels selected to provide optical gain over an extended wavelength range; 

5 and 

6 quantum well means for providing carrier confinement of injected current to 

7 the quantum dot means. 

1 17. A tunable laser, comprising: 
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2 a first optical cavity having a first end and a spaced-apart second end; 

3 a semiconductor active region positioned in the first optical cavity having 

4 a plurality of quantum dots embedded in a quantum well, the quantum dots having a 

5 size distribution and a sequence of quantum confined energy states selected to form 

6 a continuous optical gain spectrum; 

7 a first reflector reflecting light into the first end of the first optical cavity; 

8 and 

9 an external optical cavity including an optical element reflecting a 
10 selected wavelength of light into the second end of the first optical cavity. 

1 18. The tunable laser of claim 17,wherein the quantum dot characteristics are 

2 selected to achieve a tuning range of greater than 150 nanometers. 

1 19. The tunable laser of claim 17, wherein the quantum dot characteristics 

2 are selected to achieve a tuning range of greater than 10% of a minimum 

3 wavelength. 

1 20. The tunable laser of claim 17, wherein the quantum dots have a ground 

2 state with an associated first optical transition energy value and a first excited state 

3 having an associated second optical transition energy value, the second optical 

4 transition energy value being not greater than 30 meV greater than the first optical 

5 transition energy value. 

1 2 1 . A tunable laser, comprising: 

2 a first optical cavity having a first end and a spaced-apart second end; 

3 quantum dot active region means positioned in the first optical cavity 

4 having a sequence of quantum confined energy states with energy levels selected to 

5 provide optical gain over a wavelength range of greater than 1 50 nanometers; 

6 a first reflector reflecting light into the first end of the first optical cavity; 

7 and 

8 an external optical cavity including an optical element reflecting a 

9 selected wavelength of light into the second end of the first optical cavity. 

1 22. A tunable laser, comprising: 

2 a laser cavity including a longitudinal waveguide having a plurality of 

3 sections; 
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4 at least one of the sections being a grating section for providing optical 

5 feedback; 

6 at least one of the sections being a phase control section for adjusting the 

7 lasing wavelength; and 

8 a semiconductor active region disposed in at least one of the sections 



9 having a plurality of quantum dots embedded in a quantum well, the quantum dots 

10 having a size distribution and a sequence of quantum confined energy states selected 

11 to form a continuous optical gain spectrum, the dots having a saturable ground state 

12 with an associated first optical transition energy value and a first excited state having 

13 an associated second optical transition energy value, the second optical transition 

14 energy value being not greater than 30 meV greater than the first optical transition 



15 energy value. 

1 23 . A monolithic multiwavelength array of lasers, comprising: 

2 a substrate; 

3 a semiconductor laser layer structure formed on substrate including 



4 optical cladding layers and an the active region, the active region a semiconductor 

5 active region disposed in at least one of the section having a plurality of quantum 

6 dots embedded in a quantum well, the quantum dots having a size distribution and a 

7 sequence of quantum confined energy states selected to form a continuous optical 

8 gain spectrum; and 



9 a plurality of lasers formed on the laser layer structure, each of the 

1 0 plurality of lasers having a Bragg grating positioned to regulate its operating 

1 1 wavelength, with the wavelength range of the lasers being at least 1 50 nanometers. 

1 24. The array of claim 23, wherein the dots have a saturable ground state 

2 with an associated first optical transition energy value and a first excited state having 

3 an associated second optical transition energy value, the second optical transition 

4 energy value being not greater than 30 meV greater than the first optical transition 

5 energy value. 

1 25. A monolithic multiwavelength array of lasers, comprising: 

2 a substrate; 

3 quantum dot active region means disposed on the substrate for providing 

4 an extended optical gain spectrum; 
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5 quantum well means for confining carriers in the quantum dot active 

6 region means; and 

7 a plurality of lasers formed on the quantum dot active region means, each 

8 of the plurality of lasers having a Bragg grating with an associated a grating period 

9 positioned to provide optical feedback to the laser. 

1 26. A Fabry-Perot laser, comprising: 

2 a substrate; 

3 a semiconductor optical waveguide formed on the substrate having a first 

4 facet spaced apart from a second facet to form a Fabry-Perot optical cavity; and 

5 an active region optically coupled to the optical waveguide, the active 

6 region including a plurality of quantum dots embedded in a quantum well, the 

7 quantum dots having a size distribution and a sequence of quantum confined energy . 

8 states selected to form a continuous optical gain spectrum responsive to an electrical, 

9 the dots having a ground state with an associated first optical transition energy value 

10 and a first excited state having an associated second optical transition energy value, 

11 the second optical transition energy value being no greater than 30 meV greater thari 

12 the first optical transition energy value. 

1 27. An optical amplifier, comprising: 

2 a substrate; 

3 a semiconductor optical waveguide formed on the substrate having a first 

4 facet spaced apart from a second facet to form an optical cavity; and 

5 an active region optically coupled to the optical waveguide, the active 



6 region including a plurality of quantum dots embedded in a quantum well, the 

7 quantum dots having a size distribution and a sequence of quantum confined energy 

8 states selected to form a continuous optical gain spectrum responsive to an electrical, 

9 the dots having a ground state with an associated first optical transition energy value 

10 and a first excited state having an associated second optical transition energy value, 

1 1 the second optical transition energy value being not greater than 30 meV greater 

12 than the first optical transition energy value; 

1 3 the first and second facets having an associated reflectance of light back 

14 into the optical cavity which is selected to be sufficiently low to suppress Fabry- 

1 5 Perot lasing over a preselected range of optical gain of the active region. 
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1 28. A laser, comprising: 

2 a substrate; 

3 a semiconductor optical waveguide formed on the substrate having a first 

4 facet spaced apart from a second facet to form an optical waveguide; 

5 a Bragg grating having a Bragg period optically coupled to the optical 

6 waveguide to provide optical feedback at a wavelength determined by the Bragg 

7 grating; and 

8 an active region optically coupled to the optical waveguide, the active 

9 region including a plurality of quantum dots embedded in a quantum well, the 

10 quantum dots having a size distribution and a sequence of quantum confined energy 

1 1 states selected to form a continuous optical gain spectrum responsive to an electrical, 

12 the dots having a ground state with an associated first optical transition energy value 

13 and a first excited state having an associated second optical transition energy value, 

14 the second optical transition energy value being not greater than 30 meV greater 

15 than the first optical transition energy value; 

16 the Bragg grating having a Bragg wavelength selected to be on the long 

17 side of the optical gain spectrum at a first operating temperature. 

1 29. A method of growing self-assembled InGaAs quantum dashes embedded 

2 in AlGalnAs quantum wells, comprising: 

3 growing a first AlGalnAs barrier layer on an InP substrate; 

4 growing a bottom AlGalnAs well layer on the first AlGalnAs barrier 

5 layer; 

6 growing InGaAs on the bottom AlGalnAs well layer with the InGaAs 

7 having a relaxed lattice constant at least 1.8% greater than the substrate, the growth 

8 conditions of the InGaAs selected to kinetically favor the redistribution of the 

9 deposited InGaAs into islands having a thickness, a length, and a width with the 

10 ratio of length to width of the islands being at least about three; 

1 1 growing a top AlGalnAs well layer under growth conditions selected to 

12 embed the islands in a quantum well of AlGalnAs; and 

1 3 growing a second AlGalnAs barrier layer on the top AlGalnAs well 

14 layer; 
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1 5 the bandgap energy of the quantum well layer being intermediate 

1 6 between that of the AlGalnAs barrier layer and the InGaAs islands. 
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QUANTUM DASH DEVICES 

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH AND 

DEVELOPMENT 
[0001] The U.S. Government may have certain rights in this invention 
pursuant to research conducted under the following grants: Grant No. F49620-95-1- 
0530 awarded by the Air Force Office Of Science and Research, Grant No. 
DAAL01-96-02-0001 awarded by the Acmy Research Lab, Grant No. F4920-99-1- 
330 awarded by the Air Force Office of Science and Research, and Grant No. 
MDA972-98-1-0002 awarded by the Defense Advanced Research Projects Agency. 

RELATED APPLICATIONS 
[0002] This application claims priority under 35 TJ.S.C. § 1 1 9(e) to the 
following United States Patent Application Nos.: 60/234,344 entitled "Self- 
Organized Quantum-Dash Growth And Ordered Quantum-Dot Growth and Semi- 
conductor Lasers and Transistors Formed From These Structures," filed September 
22, 2000; 60/238,030 entitled 'Broadband Continuously Tunable-Wavelength 
Quantum Dot and Quantum Dash Semiconductor Lasers with Low-Threshold 
Injection Current" filed October 6, 2000; 60/252,084 entitled "Quantum Dot and 
Quantum Dash Semiconductor Lasers For Wavelength Division Multiplexing 
(WDM) System Applications" filed November 21, 2000; 60/276,186, entitled 
"Semiconductor Quantum Dot Laser Active Regions Based On Quantum Dots in a 
Optimized Strained Quantum Well," filed March 16, 2001 ; 60/272,307, entitled 
'Techniques for Using Quantum Dot Active Regions In Vertical Cavity Surface 
Emitting Lasers," filed March 2, 2001; and Attorney Docket No. 22920-06322, 
entitled "Quantum Dot And Quantum Dash Active Region Devices," filed August 
31, 2001 (Application number not received from the United States Patent and 
Trademark Office at the time of filing of the instant application). The contents of all 
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of the above applications are hereby each incorporated by reference in their entirety 
in the present patent application. 

Background of the Invention 

1. Field of the Invention 

[0003] The present invention relates generally to self-assembled semiconductor 
quantum dot devices. More particularly, the present invention is directed towards 
self-assembled quantum dot devices for use in opto-electronic devices. 

2. Description of Background Art 

[0004] Quantum dot and quantum wire semiconductors structures are of interest 
for a variety of electronic and opto-electronic device applications. A semiconductor 
quantum dot is a structure having energy barriers that provide quantum confinement 
of electrons and holes in three dimensions. A semiconductor quantum wire is a 
structure having energy barriers that provide quantum confinement of electrons and 
holes along two dimensions. 

[0005] Theoretical studies indicate that quantum dot and quantum wire lasers 
have many potential performance advantages over conventional quantum well 
lasers. First, a quantum dot or quantum wire laser has a lower fill factor (volume of 
material to be pumped) and an improved density of states function compared with a 
quantum well laser. Referring to FIG. 1, the theoretical density of states function 
become sharper as the carrier dimensionality decreases. FIG. 1 A shows a theoretical 
density of states function for a bulk material, which has a square root dependence on 
energy. FIG. IB shows the theoretical density of states function for a quantum well 
(one dimension of quantum confinement) which increases in steps at each quantum 
well energy level. FIG. 1C shows the theoretical density of states function for a 
quantum wire (two dimensions of quantum confinement). FIG. ID shows the 
theoretical density of states function for a quantum dot (three dimensions of 
quantum confinement) which has a delta-like density of states function (e.g., a finite 
number of states available only at the quantum dot). Theoretical calculations 
indicate that the threshold current, of a semiconductor laser may be improved by 
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using quantum dot active regions due to the smaller volume of material and reduced 
number of states. 

[0006] Quantum wire and quantum dot lasers emitting light in the 1.3 to 1.6 
micron wavelength range are of particular interest for fiber optic communication 
systems. Commonly, InGaAsP is used to fabricate long wavelength quantum well 
lasers. Conventional approaches to fabricating quantum dots in InGaAsP include 
etching and regrowth techniques to pattern and embed InGaAsP quantum dots. 
Unfortunately, the drawbacks of conventional approaches to fabricating quantum dot 
and quantum wire lasers have limited the commercial applications of quantum dots, 
particularly in the 1 .3 to 1 .6 micron emission wavelength range. One potential 
problem in fabricating quantum dot and quantum wire lasers is deleterious non- 
radiative interface recombination. Quantum dots and quantum wires have a large 
surface-to-volume ratio which render them especially sensitive to interface defects. 
Additionally, the small fill factor of quantum dot and quantum wire active regions 
can cause significant current leakage, i.e., a significant fraction of the laser drive 
current is not injected into the quantum dots or quantum wires and/or is depleted 
from the quantum structure by thermionic emission. 

[0007] The drawbacks of conventional quantum dot laser fabrication methods 
can result in a threshold current that is much greater than the theoretical limit. 
Additionally, these same drawbacks can make it difficult to form semiconductor 
active regions capable of lasing over a wide wavelength range. In conventional 
quantum well lasers, the peak of the gain spectrum shifts to shorter wavelengths as 
the carrier density in the quantum well increases. This permits an approximately 30- 
75 nanometer tuning range in external cavity lasers by adjusting the threshold gain 
level. Similarly, conventional quantum well lasers have a shift in gain spectrum 
with carrier density that permits an approximately 10 nanometer wavelength tuning 
range in temperature tuned distributed feedback lasers. However, in a quantum dot 
laser, non-radiative interface combination and current leakage can be a particularly 
severe problem for quantum dot lasers having a high threshold gain because the 
correspondingly larger quasi-Fermi levels at high gain levels may result in a high 
percentage of leakage current and substantial non-radiative interface recombination. 
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These deleterious effects can limit the ability to use a quantum dot laser structure 
over a large wavelength range. 

[0008] What is desired are improved quantum dot structures for opto-electronics 
applications. 

Summary of the Invention 

[0009] Quantum dot active region opto-electronic devices are disclosed. The 
quantum dot active region devices have a sequence of quantum confined energy 
states and a distribution in dot size that facilitates forming a continuous optical gain 
spectrum over an extended wavelength range. In one embodiment, the quantum dots 
are self-assembled quantum dots that foim elongated in one direction of the growth 
plane. In a preferred embodiment, the mean length of the quantum dots is at least 
about three times their width. The distribution in dot size is preferably selected so 
that the inhomogenous gain broadening is at least comparable to the homogenous 
gain broadening. In one embodiment, the mean dot size is selected so that the 
optical transition energy value associated with the first excited quantum confined 
state is less than 30 meV greater than the optical transition energy value associated 
with the ground state. The quantum dot active region may be utilized in a variety of 
opto-electronic devices that benefit from a broad optical gain spectrum, such as 
tunable wavelength lasers and monolithic multi-wavelength laser arrays. 

Brief Description of the Drawings 

[0010] FIGS. 1 A, IB, 1C, and ID illustrate the density of states function for 
bulk semiconductors, quantum wells, quantum wires, and quantum dots, 
respectively. 

[0011] FIG. 2A is a perspective view of the core region of an idealized quantum 
dash. 

[0012] FIG. 2B is a side view of an embedded quantum dash. 
[0013] FIG. 2C is a side view of a quantum dash embedded in a quantum well. 
[0014] FIGS. 3A, 3B, and 3C are perspective views illustrating some of the 
steps used to form a quantum dash laser. 
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[0015] FIG. 4 is an atomic force microscopy image of self-assembled elongated 
InAs islands. 

[0016] FIG. 5 illustrates a growth sequence for embedding quantum dashes. 
[0017] FIG. 6 illustrates a growth sequence for embedding quantum dashes. 
[0018] FIG. 7A is a first growth sequence for quantum dash lasers. 
[0019] FIG. 7B is a second growth sequence for quantum dash lasers. 
[0020] FIG. 8 shows an electronic conduction band of a quantum dash laser 
illustrating some of the considerations for designing lasers with quantum dashes 
embedded in quantum wells. 

[0021] FIG. 9 is a perspective view of a ridge laser embodiment of a quantum 
dash laser. 

[0022] FIG. 10 is a plot of room temperature photoluminescence results for an 
exemplary quantum dash laser. 

[0023] FIGS. 1 1 A, 1 IB, and 1 1C are diagrams illustrating some of the factors 
that permit quantum dash lasers to provide gain over an extended wavelength range. 
[0024] FIG. 12A shows experimental plots of electroluminescence intensity as a 
function of wavelength for a LED with a quantum dash active region operated at 
several different current densities whereas FIG. 12 is an illustrative diagram of 
tuning range as function of current density. 

[0025] FIG. 13 shows experimental plots of electroluminescence intensity as a 
function of wavelength for a LED with a conventional quantum well active region 
operated at several different current densities. 

[0026] FIG. 1 4A is a first plot illustrating a method of designing a quantum dash 
laser for operation over an extended wavelength range. 

[0027] FIG. 14B is a second plot illustrating a method of identifying growth 
parameters for quantum dash lasers to be operated over an extended wavelength 
range. 

[0028] FIG. 15 illustrates a generic external cavity laser for selecting the lasing 
wavelength of a quantum dash laser. 

[0029] FIGS. 16A and 16B illustrate examples of external cavity laser 
configurations that may be used to tune the wavelength of a quantum dash laser. 
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[0030] FIG. 1 7 is a perspective view illustrating a multi-section DFB/DBR laser 
with a quantum dash active layer. 

[0031] FIG. 18A illustrates some of the layers of a DFB quantum dash laser. 
[0032] FIG. 1 SB are plots of the wavelength tuning of the gain peak and Bragg 
wavelength for conventional lasers and quantum dash lasers. 
[0033] FIG. 1 9A is a perspective view of a multi-wavelength laser array. 
[0034] FIG. 19B is a top view of the multi-wavelength array coupled to an 
optical combiner as part of a wavelength division multiplexed system. 
[0035] FIG. 19C illustrates temperature tuning of the array of FIG. 19A. 
[0036] FIG. 20 illustrates major portions of a VCSEL having a quantum dash 
active region. 

[0037] FIG. 21 is a top view of a quantum dash transistor structure. 

[0038] FIG. 22 is a cross-section view of the quantum dash transistor structure 

of FIG. 21 along line 21-21. 

[0039] FIG. 23 is an atomic force microscopy image of chains of quantum dots. 



[0040] The present invention is directed towards the fabrication of quantum dots 
for use in opto-electronic devices, such as optical amplifiers, discrete lasers, tunable 
lasers, and monolithic arrays of lasers, although it will be understood that the 
quantum dots have other applications as well. In one embodiment, the quantum dots 
are self-assembled quantum confined nanostructures that the inventors refer to as 
"quantum dashes." FIG. 2A is a perspective view illustrating the dimensions of the 
core regions of quantum dashes. The quantum dashes 205 are elongated quantum 
dots having a mean height, h, width, w and length, 1, as shown in FIG. 2A. In one 
embodiment, each of the three dimensions (h, w, and 1) of the quantum dash is 
selected to be less than the room temperature thermal de Broglie wavelength. 
Generally speaking, the core regions of the quantum dashes comprises a plurality of 
spaced apart mesas, such as core regions 205-A and 205-B formed on a 
semiconductor substrate 210. However, it will be understood that the core regions 
of the quantum dashes may include a distribution of quantum dot shapes other than 
elongated mesas. As indicated in the side view of FIG. 2B, typically an underlying 
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layer 215 is first formed on a substrate 210. The quantum dashes 205 are embedded 
in an embedding layer 220. Additional layers, such as a strain compensation layer 
225, may also be grown. As shown in the side view of FIG. 2C, the quantum dashes 
205 may be formed in quantum wells comprising a bottom barrier layer 290, first 
and second quantum well layers 280, 285, and a top barrier layer 295. The material 
composition of the layers is preferably selected such that the lattice mismatch of 
thick layers is lattice matched or nearly lattice matched (e.g., less than the critical 
thickness for dislocation formation) to prevent the formation of deleterious misfit 
dislocations. It will be understood, however, that the dashes and individual layers 
may be pseudomorphic strained layers. 

[0041] Referring again to FIG. 2A, the height of the core region of a quantum 
dash 205 is measured in a direction perpendicular to the plane of the substrate 210 
along a z-axis corresponding to the direction of growth. Consequently, it will be 
understood that the height, h, may also be referred to as a thickness with respect to 
the thickness of other grown layers (e.g., grown layers along the z axis are 
commonly described by a growth thickness). The length and width are measured in 
x, y directions parallel to the growth plane (i.e., a plane parallel to the plane of the 
substrate). In one embodiment, typical values of the height are in the range of about 
2-12 nanometers (hereinafter "nm"). The height, h, of each quantum dash is 
preferably equal to or less than its width (e.g., typical values of the width are in the 
range of 10-30 nm). In one optical device embodiment, the mean value of the ratio 
of the length-to-width of the dashes is preferably selected so that the quantum dash 
has a ground state energy level that saturates at room temperature and with a 
sequence of excited states that have an energy level separation that facilitates 
forming a high, broad optical gain spectrum. In one embodiment, the mean length- 
to-width ratio of the quantum dashes is in the range of 3 : 1 to 20: L As described 
below in more detail, the quantum dashes have some of the desirable properties of 
both conventional quantum dots and quantum wires, making them useful in a variety 
of electronic and optical devices. 

[0042] In a preferred embodiment, the quantum dashes are fabricated as self- 
assembled structures (sometimes also known as "self-organized structures") in the 
HI-V compound semiconductor materials system. In the 1H-V compound 
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semiconductor system the group HI element may comprise Al, Ga, or In, whereas 
the group V element may comprise at least one of the elements N, P, As or Sb. 
Relationships between bandgap energy and the lattice constant of different El-V 
compounds are well known by those in the art such that it will be understood that the 
present invention may be practiced with a variety of m-V semiconductor alloy 
compositions. GaAs and InP are the most commonly used M-V compound 
semiconductor substrates, although other types of substrates may also be used as 
well. Self-assembled nanostructures may be fabricated using a variety of crystal 
growth techniques that have sufficient surface kinetic reactions (e.g., surface ad- 
atom or molecular migration) that favor island growth in response to the growth of a 
higher lattice constant material upon a lower lattice constant material, including 
growth techniques such as molecular beam epitaxy (MBE), gas source MBE 
(GSMBE), metallo-organic chemical vapor deposition (MOCVD). The island 
growth of conventional quantum dots is typically in the shape of dots having a 
length that is not more than twice its width. Additionally, under certain 
circumstances self-assembled quantum wire nanostructures form. See, e.g ., J. Brault 
et al., "Role of buffer surface morphology and alloying properties on the properties 
of InAs nanostructures grown on InP (001)," Appl. Phys. Lett . , vol. 73, no. 20, pp. 
2932-2934, Nov. 1998. Self-assembled wire formation is attributed to orientation- 
dependent surface diffusion and orientation-dependent step edges that influence 
growth rates along preferred crystal direction. However in accord with a preferred 
embodiment of the present invention, growth conditions are selected to achieve the 
intermediate result of elongated quantum dots which are not continuous quantum 
wires and which have a length-to-width ratio of at least 3. 
[0043] FIGS. 3A-3D illustrated some aspects of the fabrication of self- 
assembled quantum dashes. Referring to FIG. 3A, a substantially planar m-V 
compound semiconductor support layer 310 having a first bandgap energy is grown, 
such as a layer of AlGalnAs or InGaAsP. The support layer may be grown either 
directly on a substrate (e.g., a (100) InP substrate) or upon other layers previously 
grown on the substrate. As described below in more detail, in one embodiment the 
support layer is a first portion of a quantum well grown on an underlying barrier 
layer 308, a waveguide layer 306, and a cladding layer 304. In one embodiment the 
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growth parameters of the support layer are selected to achieve a mean surface 
roughness of less than 0.3 nm. 

[0044] Referring to FIG. 3B, growth parameters are selected to form self- 
assembled islands 320 during deposition of a second lower bandgap compound 
semiconductor having a larger relaxed lattice constant than the underlying layer 
(e.g., a layer of InAs grown on AlGalnAs). In particular, the lattice mismatch of the 
lower bandgap semiconductor is preferably selected to be at least about 1.8% greater 
than the underlying semiconductor layer to produce a Stranski-Krastanow (S-K) 
growth mode. In the S-K growth mode, the driving force for the formation of 
islands is the reduction in strain energy afforded by elastic deformation, i.e., for S-K 
growth it is more energetically favorable to increase surface energy by islanding 
than by relaxing strain by dislocation generation. In a S-K growth mode, the growth 
becomes three dimensional after a critical thickness of the larger lattice constant 
material is grown upon an initial wetting layer. In conventional S-K growth, dot- 
shaped islands tend to form that have a length-to-width ratio typically between about 
1 : 1 to 2: 1 . In a preferred embodiment of the present invention, the substrate 
orientation, composition of the underlying layers, and growth factors affecting the 
surface kinetics (e.g., growth rate and temperature) are selected to favor the 
coalescence of dot shaped islands into elongated islands that have a mean length to- 
width ratio of at least 3 : 1 . As described below in more detail, appropriate selection 
of the growth parameters permits control over the height and the length-to-width 
ratio of the dashes. 

[0045] As shown in the illustrative diagram of FIG. 3B, each island 320 of low 
bandgap semiconductor is an elongated quantum dot that has a nominal height, 
width and length. The islands tend to be aligned along a preferred crystal 
orientation. A residual wetting layer 325 may remain on the surface of well portion : 
310. After the self-assembled islands are formed, they are embedded in a third, 
higher bandgap material 330 (e.g., a layer of AlGalnAs or InGaAsP) to form a 
quantum dash as shown in FIG. 3C. It will be understood that interdiffusion, phase 
segregation, and spinodal decomposition during the embedding process need to be 
taken into account because they may affect the shape and composition of the 
quantum dashes. In one embodiment, the quantum dashes are embedded in a second 
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well portion 330, followed by a second barrier layer 335, waveguide layer 340, clad 
layer 345, and cap layer 350. Each quantum dash thus consists of an elongated 
island of low bandgap material surrounded on all sides by a higher bandgap 
material. It will be understood that once a planar surface is restored that additional 
quantum dashes may be formed if desired by repeating the island formation process. 
[0046] A preferred epitaxy technique to fabricate the quantum dashes is MBE, 
although it will be understood that other epitaxy techniques may be used as well. In 
one embodiment, the self-assembled dashes are InAs islands that form on an 
AlGalnAs support layer grown on an (100) oriented InP substrate. The InP substrate 
is preferably cleaned in ultra-high vacuum prior to growth by heating the substrate to 
520° C under an 8 x 10" 6 As 2 millibar (mbar) beam equivalent pressure (BEP). In 
one embodiment, a quaternary support layer of AlGalnAs at least several tens of nm 
in thickness is then grown on the InP substrate. The growth temperature of the 
AlGalnAs is preferably in the range of 450 °C to 550 °C for optical devices. The 
As 2 BEP is preferably between 6 x 10' 6 to 1.5 x 10~ 5 mbar. In one embodiment, the 
AlGalnAs layer is closely lattice matched to the InP substrate. In a preferred 
embodiment, the In and As 2 fluxes are selected to grow an equivalent thickness of 2 
to 7 monolayers of InAs. The growth temperature is preferably selected to grow 
high quality InAs. In one embodiment, the growth temperature of the InAs is also 
within the temperature range of 450 °C to 550 °C. For these growth conditions, 
elongated islands form on the AlGalnAs having a distribution of widths and lengths 
dependent upon the growth temperature, growth rate, and equivalent thickness. The 
height of the dashes varies between about 2 and 10 nanometers, depending on the 
equivalent thickness and growth temperature. The dashes are elongated along the 
<01 1> crystal direction. A low coverage of InAs tends to increase the mean length 
of each dash. Additionally, an increased growth temperature tends to also result in 
a more uniform distribution of dot sizes. Conversely, an increase in growth rate 
tends to reduce the uniformity of the dash size. 

[0047] FIG. 4 shows an atomic force microscopy (AFM) image of uncapped 
InAs islands formed on AlGalnAs planar layers that are closely lattice matched to a 
(100) InP substrate. The test structure of FIG. 4 was grown using molecular beam 
epitaxy conditions similar to those described above. The scale of the image along 
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the X and Y dimensions is 0. 25 microns and 0.3 microns, respectively. Empirical 
measurements indicate a typical dash length of about 300 nanometers, a typical dash 
width of about 25 nanometers, and a typical dash height of 5 nanometers. However, 
it can be seen that the islands 320 have a statistical distribution in length, width, and 
height with respect to each other such that it is more appropriate to refer to a mean 
length, width, and height of the as-formed InAs islands. It can also be seen that 
there is a distribution in shapes, as well. 

[0048] As previously described, the quantum dashes may be embedded in 
quantum wells. The composition of the quantum well layer may be selected to be 
lattice matched with respect to the substrate or strained up to the critical thickness 
for the generation of misfit dislocations. Referring to FIG. 4, it can be seen that the 
as-grown islands may have a significant variation in height. For quantum dashes 
embedded in quantum wells it is desirable that the islands be completely embedded 
in the quantum wells. There are several techniques that may be used to ensure that 
the dashes are completely embedded. Referring to the illustrative side view of FIG. 
5, in one embodiment the quantum dashes 520 are embedded between an underlying 
quantum well layer 510 having a thickness of dl and an upper quantum well layer 
530 having a thickness of d2, with d2>dl. The quantum well layers are disposed 
between top and bottom barrier layers 508, 535, having a bandgap energy larger than 
that of the quantum well layers. Selecting the thickness of the upper quantum well 
layer to be thicker than the maximum InAs island height facilitates embedding all of 
the quantum dashes despite variances in the height of the quantum dashes. FIG. 6 is 
an illustrative side view of an embodiment in which growth parameters are adjusted 
to trim the quantum dashes. In this embodiment, InAs quantum dashes are grown 
and a top quantum well layer grown. The thickness of the top quantum well layer 
may be selected to be less than the height of the as-grown InAs islands. In this 
embodiment a thermal desorption (evaporation) step is performed after the growth of • 
quantum well layer 530 to remove any uncovered portions of the InAs dashes (as 
indicated in phantom), thereby trimming the height of the dashes. 
[0049] The quantum dashes may be included in the active regions of a variety of 
opto-electronic devices requiring optical gain, such as optical amplifiers and lasers. 
In particular, quantum dashes may be included in the active region of a p-i-n laser 
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diode structure that includes an optical waveguide structure to provide optical 
confinement. The laser structure may comprise a bottom optical cladding layer 
grown having a first doping polarity; a first undoped waveguiding core layer, a 
quantum dash active region, a second undoped waveguiding core layer, and a top 
optical cladding layer of a second doping polarity. 

[0050] FIGS. 7A and 7B are illustrative diagrams growth sequences for quantum 
dash lasers. A n-type AlInAs optical cladding layer 705 is grown that is lattice 
matched to a n-type InP substrate 702. In one embodiment, a graded interface layer 
704 is included to reduce electrical resistance. A first AlGalnAs waveguiding layer 
710 having an energy bandgap corresponding to 1.03 eV is then grown. The 
AlGalnAs waveguiding layer preferably has a thickness of between about 100 nm to 
500 nm. A first AlGalnAs quantum well barrier layer 71 5 is then grown having a 
composition corresponding to a bandgap energy of 1.03eV. In one embodiment, the 
barrier layer is an Alo.i sGao.32Ino.5As layer having a thickness of about 1 5 nm. A 
first quantum well layer 720 is then grown. In one embodiment, the first quantum 
well layer comprises alimn layer of Alo.2Gao.15Ino.65As having a semiconductor 
bandgap energy of 0.95 eV. A preselected nominal InAs layer thickness 725 is then 
grown having a sufficient number of monolayers of InAs to form islands. In one 
embodiment, the nominal InAs layer thickness is 0.9 nm. Mean dimensions for the 
dashes are 300 nm, 25 nm, and 5 nm for the length, width, and height respectively, 
as measured by AFM for a growth temperature of 520 °C. A second quantum well 
layer 730 is then grown to embed the islands. In one embodiment, the second 
quantum well layer is a 6.3 nm layer of Alo2Gao.15Ino.65As having a semiconductor 
bandgap energy corresponding to a wavelength of 1.2 microns. A second barrier 
layer 735 is then grown. In one embodiment the second barrier layer is 15 nm of 
Alo.i8Gao32Ino.5As. Multiple layers of embedded quantum dashes may be formed by 
repeating the growth sequence of layers 715, 720, 725, 730 735 for a desired number 
of cycles (e.g., one, three, five, or ten times). In one embodiment, the sequence of 
layers 715, 720, 725, 730, and 735 is repeated five times. A second waveguiding 
layer 740, such as an Alo2Gao.15Ino.65As layer may then be grown. A p-type optical 
cladding layer 745 of Alo.4sIno.52As is then grown. A highly p-doped cap layer 750 
may then be grown to facilitate forming high quality ohmic contacts to diode laser 
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structure. A grading composition p-type layer 748 may be included to further 
reduce contact resistance. 

[0051] The refractive indices of the optical cladding layers 705 and 745 and the 
waveguiding layers 710 and 740 are preferably selected to achieve a significant 
optical confinement in cavity lasers formed from the material. Empirical and 
theoretical technqiues to select optical cladding and waveguiding compositions and 
thicknesses are well known in the art. 

[0052] Generally speaking, the composition of the quantum well layers and/or 
the quantum well barriers may be selected to partially or totally compensate the 
strain of the quantum dashes, thereby reducing the tendency to form dislocations 
which might otherwise occur if multiple strained dash layers were grown. Note that 
the composition of the quantum well hairier layers in this example are selected to 
partially, compensate for the strain of the quantum dashes and the quantum wells. In 
this embodiment, each quantum well is a compressively strained quantum well and 
the AlGalnAs barriers are tensile strained barriers. The quantum dash active region 
is preferably a pseudomorphically strained active layer. 

[0053] The quantum dashes of the present invention have several characteristics 
that make them of interest for use in semiconductor lasers and optical amplifiers. 
First, the electrical confinement of electrons and holes is high, even at comparatively 
high injection levels. One reason for this is that the fill factor (fraction of area 
occupied by dashes) of quantum dashes can be comparatively high (e.g., 20%) 
compared with conventional symmetric quantum dots due to the greater volume and 
higher packing efficiency of quantum dashes. The fill factor of quantum dashes is 
typically about twice that for quantum dots grown in comparable materials systems. 
A high fill factor tends to improve electron and hole capture when the quantum 
dashes are situated in the active regions of a semiconductor P-N laser diode junction 
since the high fill factor increases the statistical likelihood that electrons and holes 
injected into the active region enter and recombine in the dash layers. 
[0054] Another feature that improves carrier confinement is forming each 
quantum dash within a quantum well having high electrical quality interfaces. In 
the embodiment of FIG. 7 A, the cladding layers have a bandgap energy of about 
1 .27 eV. The inner waveguiding and barrier layers have a bandgap energy of about 
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1,03 eV. The quantum well layers have a nominal bandgap energy of about 0.95eV. 
The InAs dashes have a nominal bulk bandgap of about 0.36 eV, although the 
strained quantum confined ground state energy is considerably higher. The quantum 
wells help to confine electrons and holes to the quantum dashes. While this provides 
a beneficial reduction in threshold current density of Fabry-Perot lasers designed to 
have a low threshold current, it also permits the quantum dashes to have acceptable 
current confinement when they are driven at high current levels (e.g., in lasers 
having a larger resonator loss). Moreover, the energy barriers of the quantum well 
help to prevent a loss of carriers at elevated operating temperatures that might 
otherwise occur due to thermionic emission of carriers out of the quantum dashes. 
[0055] FIG. 8 is an illustrative diagram of the conduction band energy diagram 
across the layer structure of FIG. 7A perpendicular to the substrate showing 
equilibrium carrier concentration, where Nb is the barrier carrier concentration, Nqw 
is the quantum well carrier concentration, and N q d is the quantum dash carrier 
concentration. Electrons injected from the n-type cladding layer and holes injected 
from the p-type cladding layer enter the central waveguiding layer. There is a decay 
time, Xd for carriers Nb in the barrier/waveguide layers to decay into the quantum 
well carrier population N qw . Conversely, there is thermionic emission of carriers out 
of the quantum well with a time constant x^. The quantum well carrier population 
is depleted by non-radiative recombination at the quantum well interfaces with a 
lifetime x nr _ qw . Additionally, there is radiative recombination of quantum well 
carriers with a lifetime x r ^ w . In equihbrium carriers may enter the dash from the 
quantum well with a time constant x c -qd and leave by thermionic emission with a 
time constant Xe-qd- Carriers are depleted from the quantum dashes by radiative 
recombination, with a time constant of x^d and non-radiative recombination with a 
time constant of x^d- Generally speaking if the quantum well growth is optimized, 
Xnr^ w increases, i.e., comparatively little current is wasted on non-radiative interface 
combination in the quantum wells. Similarly, if the quality of the dash interfaces is 
optimized, comparatively little current is wasted on non-radiative recombination in 
the dashes. The thermionic emission of carriers out of the quantum well is reduced 
by selecting the quantum well parameters such that there is a significant energy 
difference Ui between the quantum well energy barrier and the barrier energy level. 
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Thermionic emission of carriers out of the quantum dashes (into the quantum wells) 
is reduced by selecting dash and quantum well barriers such that there is a 
significant difference U 2 in the energy levels of the quantum dash and the quantum 
well 

[0056] One benefit of a quantum dash active region that makes them of interest 
for lasers is that a low threshold current density for lasing may be achieved. FIG. 9 
is a perspective view of one embodiment of a ridge laser structure 900 fabricated 
from a materials structure similar to that shown in FIG. 7B. Ridge 905 has a 
width, W, and height, h, selected to form a lateral waveguide. In one embodiment 
the ridge 905 is formed by inductively coupled plasma (ICP) etching and wet 
oxidation of the upper p-Alo.4sIno.52As cladding layer. The dashes of the active 
region 910 are preferably oriented perpendicular to the long direction of the ridge. 
The ridge lasers are preferably A10 x patterned ridge laser structures. In one 
embodiment, the ridge lasers are fabricated as Fabry-Perot lasers having a 
longitudinal length, L, of an optical cavity formed by the ridge 905 with the 
reflectance from two facets 940 and 945 providing the optical feedback of the laser. 
Test lasers have a room temperature threshold current density as low as 350 A/cm 2 . 
An optical amplifier may be formed form a similar ridge structure by suppressing 
the reflection from facets 940 and 945 (e.g., by anti-reflection coating the facets or 
using other conventional techniques to reduce the reflectance of light from the facets 
back into the laser cavity). While a ridge laser embodiment is shown in FIG. 9, it 
will be understood that a quantum dash active region may be employed in a variety . 
of conventional Fabry-Perot laser structures and optical amplifier structures. 
[0057] Another benefit of the quantum dash lasers of the present invention is 
that the quantum dash growth parameters may be selected to permit lasing at a wide 
range of potential lasing wavelengths at a comparatively low current density and a 
high optical gain due to the closer energy level spacing in an elongated dash. In 
particular, growth parameters may be selected that result in a broad and high optical 
gain spectrum. As is well-known, the optical gain spectrum for an opto-electronic 
device is the optical gain as a function of wavelength. 

[0058] FIG. 10 shows room temperature photoluminescence of InAs quantum 
dash material for a structure similar to that of FIG. 7A. The full width of half 
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maximum (FWHM) is typically greater than 30 meV. The breadth is attributed, in 
part, to inhomogenous broadening of the optical gain due to statistical variations in 
the length, width, and height of each quantum dash which result in a variance in the 
quantum confined energy levels of each dash. 

[0059] FIGS. 1 1 A, 1 IB, and 1 1 C are illustrative diagrams of optical gain versus 
energy that illustrate how quantum dash parameters may be selected to achieve a 
broad, high optical gain spectrum. As shown in FIG. 11 A, an ensemble of 
uniformly sized quantum dashes that functioned as ideal quantum dots would have 
an atomic-like density of states and optical gain. The dashed lines about a ground 
state energy, E0 and a second peak at a first excited state El are for ideal quantum 
dots. For ideal quantum dots, the optical gain saturates above a certain pumping 
level (since all of the available finite number of states in the delta-function density 
of states are populated). The inventors have discovered that there is significant 
homogenous broadening of the optical gain spectrum of quantum dot lasers, as 
indicated by the curved response about E0 and El. The homogenous broadening 
may be attributed, for example, to collisions of electrons with phonons and other 
electrons FIG. 12B illustrates the effects of inhomogenous broadening associated 
with a variation in dash size. Since the dashes are not quantum mechanically 
coupled to each other (i.e., each dot behaves as if it is an independent lasing media 
within the same cavity) the variation in dash size results in a distribution of the 
ground state and excited state energies of the dashes, further broadening the gain 
function. If the homogenous broadening is comparable to the inhomogenous 
broadening a continuous and smoothly varying gain response will result. As 
indicated by FIG. 11B, the interplay of homogenous and inhomogenous broadening 
may more than double the width of the gain response. A lasing-mode photon will 
receive gain from not only the energetically resonant dashes but also from other non- 
resonant dashes that lie within the range of homogenous broadening. As indicated 
in FIG. 12 C, if the separation between the ground state and the excited states of the 
quantum dashes is also appropriately selected, a continuous gain response can be 
achieved over an extended wavelength range (with increased gain at higher energy 
due to the increased degeneracy of the higher order states). However, since each 
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dash still retains a delta function density of states, the gain response still has a 
ground state saturation characteristic similar to ideal quantum dots. 
[0060] The inhomogenous broadening and separation between energy levels of 
the quantum-confined states can be substantially controlled by appropriate selection 
of quantum dash growth parameters. The quantum confined energy levels of a dash 
are determined by its composition, the composition of barrier layers, and by the 
height, length, and width of the quantum dash. Variance in the height, length, and 
width, of each quantum dash increases the inhomogenous broadening. Additionally, 
the energy spacing between the ground state and excited states of the quantum dash 
can be controlled by selecting the height, length, and width of the dash. A quantum 
dash can be modeled as an elongated quantum box having a height, a width, and a 
length. As is well known, to a first order approximation, the first confined quantum 
states along each dimension of an ideal quantum box have energy levels that vary 
inversely with the square of the length, i.e. the energy levels, E n i,n2,n3> of an ideal 
quantum box with infinite barriers having a length Lx, a width Ly, and a height Lz 
is: E n i, n2 f n3 = AE 0 (ni 2 /Lx 2 + n^fLy 1 + n 3 2 /Lz 2 ), where m, n 2 , and n 3 each integers 
equal to or greater than 1 and AEo is a material constant. For a quantum box with 
finite energy barriers, the separation in energy between quantum states tends to vary 
more slowly due to the penetration of the quantum mechanical wave function into 
the barrier layers. The elongated quantum dots of the present invention may be 
grown with a variety of length-to-width-to-height ratios by, for example, adjusting 
the InAs monolayer coverage, growth rate, and growth temperature. This permits 
substantial control over the available quantum states for lasing while still retaining a 
high fill factor. 

[0061] The sequence of steps in energy of the quantum confined states of the 
quantum dashes may be selected to facilitate forming a broad, high optical gain 
spectrum. (It will be understood that the quantum confined states of electrons and 
holes each have quantum confined energy levels but that there is also an optical 
transition energy associated with electron-hole recombination, with the optical 
transition energy associated with the quantum confined states being measurable 
from the light generated by the quantum dashes. There is thus a ground state optical 
transition energy associated with the ground state, a first excited state optical 
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transition state energy associated with the first excited state, etc.). In particular, in 
one embodiment the mean size of the dashes is selected to beneficially increase the 
number of available quantum confined states for lasing by reducing the energy 
separation between the ground state and the first excited state to achieve a difference 
in optical transition energy of less than about 30 meV, with 20 meV being a 
preferred energy separation. For an active region with a ground state wavelength of 
about 1.5 to 1.6 microns, this corresponds to the optical transition associated with 
the first excited state being about 40 nm to 60 nm longer in wavelength than the 
optical transition associated with ground state. Similarly, the value of the optical 
transition energy associated with the second excited state is also preferably within 
about 20 meV to 30meV of the value of the optical transition energy associated with 
the first excited state. By way of comparison, experiments by the inventors indicate 
that it is difficult to achieve a similar sequence of energy values with an acceptable 
fill factor in quantum dots that are not elongated since the separation in energy 
values is typically greater than 30 meV. (See e.g., the paper by Li et al., " 150-nm 
Tuning Range in Grating-Coupled External Cavity Quantum-Dot Laser," IEEE 
Photonics Technology Letters, Vol. 12, No. 7, July 2000, which reports quantum 
dots having a ground state transition energy value at 1 .24 microns and a first excited 
state transition energy value at 1.15 microns). 

[0062] In one embodiment, the energy difference of successive quantum 
confined states of the quantum dashes is selected to facilitate forming abroad, high 
optical gain spectrum. FIG. 12A is a plot of the electroluminescence (EL) intensity 
of a quantum dash light emitting diode (LED) at several different current densities. 
The LED is a ridge waveguide having a nominal width of 5 microns and a cavity 
length of 1 .4 millimeters. As indicated by plot 1205 a comparatively low current 
density of 0.7 kA/cm 2 , the optical intensity has a first peak at a wavelength of about 
1 .61 microns, with the first peak being attributed to an optical transition energy of 
the ground state. The optical intensity is fairly broad, e.g., has a FWHM of about 
100 nm that is attributed to inhomogenous broadening associated with the variation 
in quantum dash size, the multiple closely spaced energy levels, and to homogenous 
broadening. The comparatively smoothness of the light output indicates that 
inhomogenous broadening and homogeneous broadening effects are likely to be 
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comparable in degree. As indicated in plot 1210, at a first higher current density of 
1 .43 kA/cm 2 a second peak in the light intensity occurs at a shorter wavelength of 
about 1 .57 microns, corresponding to about a 20 meV shift. The peak at the second 
optical transition energy is attributed to the additional optical gain associated with a 
first excited state of the quantum dash. As shown in plot 1220, at a still higher 
excitation level of 2.85 kA/cm 2 , a third peak appears at a still shorter wavelength of 
about 1 .53 microns that is attributed to the next excited state, which has an optical 
transition energy level that is also approximately 20 meV higher in energy than the 
second peak. 

[0063] A desirable feature illustrated in the plot of FIG. 12A is that the intensity 
(and hence the optical gain) saturates for the ground state once a certain current 
density is exceeded due to the nature of the delta- function density of states 
associated with the quantum dashes. This is in contrast to conventional quantum 
wells, in which the ground state does not saturate. FIG. 13 is a plot of 
electroluminescence intensity versus wavelength for a long wavelength quantum 
well LED. The LED is fabricated from an layer having an active region with three 
quantum wells and having a similar ridge dimensions to the structure of FIG. 12. 
The electroluminescence intensity (and hence the optical gain) increases for all 
wavelengths between 1 .4 to 1 .65 microns as the current density is increased from 0.7 
kA/cm 2 to 8.5 kA/cm 2 . With reference to dashed line 1302, it can be seen that the 
gain curve increases in height and shifts to higher energy without saturation. 
[0064] A semiconductor laser including a quantum dash active region may be 
designed to operate over a wide range of wavelengths at a comparatively low 
current. FIG. 14A is an illustrative plot 1410 of cavity optical gain (e 2gL where g is 
the gain per unit length and L is the length of the gain medium in the cavity) of a 
laser quantum dash active region at a selected cuirent Referring to FIG. 14A, a 
quantum dash active region may be designed to have a ground state quantum level 
corresponding to a peak 1 405 at a wavelength X\ . In the illustrative diagram the 
current is selected such that the gain at X } is saturated with a saturated value greater 
than gmin, a m in im u m gain, to overcome a resonator loss that includes a mirror loss 
and an absorption loss. If an extended tuning range is desired, the first excited 
quantum states (e.g., first excited state 1410 and second excited state 1415) 
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associated with quantum confinement along the length and width of the dashes may 
be designed to provide additional higher energy states, as indicated by the peaks 
1410 and 1415 between X x and X 2 . Plot 1440 illustrates a gain response for a 
conventional quantum well laser. By way of contrast, a conventional quantum well 
active region providing gain over a comparable wavelength would not have a 
saturable gain at the first ground state of the quantum well, necessitating an 
extremely high current density to achieve the minimum gain over the entire 
wavelength range. Rough estimates by the inventors indicate that a quantum dash 
laser can achieve a wide tuning range with approximately ten times less current than 
a comparable quantum well laser. For example, a 240 nanometer tuning range has 
been achieved in a tunable quantum well laser operated at drive current of 33 
kA/cm2. See, e.g., H. Tabucho and H. Ishikawa, "External grating tunable MQW 
laser in an external cavity across the entire 1.3 jam communication window," 
Electron. Lett., vol. 27, pp. 95-96, 1991. Referring again to FIG. 13, the 
electroluminescence spectrum of quantum dash lasers in accordance with the present 
invention indicate that a tuning range of greater than 240 nanometers is possible 
with a current density less than about 3.3 kA/cm 2 . 

[0065] FIG. 12 B is an illustrative plot of tuning range versus current density for 
a nominal 1.5 micron wavelength laser tuned to shorter wavelengths. The quantum 
dot/dash plot 1280 is based upon experimental data of the inventors. The quantum 
well plot 1290 is based upon various numbers published in the literature. Referring 
to plot 1280, quantum dot lasers permit about 70 nm of tuning per each 1 kA/cm 2 
increase in pump current density. By way of contrast a conventional quantum well 
requires about 2.3 kA/ cm 2 to achieve a 70 nm tuning range. It can be seen in plot 
1290 that the quantum well has an abrupt increase in threshold current range when 
the tuning range exceeds 10% of the nominal wavelength (150 nm for this case). 
Above a 10% tuning range, the bias current increases dramatically, typically 
exceeding 10 kA/ cm 2 . However, for a long lifetime operation, quantum well lasers 
used in tunable lasers are commonly operated with a maximum current density 
corresponding to about a 70 nm tuning range. As can be seen in plot 1280 a 
quantum dot active region of the present invention may be tuned to greater than 150 
nm (e.g., greater than 200 nm) with current densities in the 2-3 kA/ cm 2 range. This 
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permits, for example, a single quantum dash laser to be used to achieve a tuning 
range of 180 nanometers at a current density of less than about 3 kAJ cm 2 which is 
impractical with conventional quantum well lasers. 

[0066] For a particular application, the total saturated gain of the ground state 
available may be adjusted using several different techniques. First, if more gain is . 
required the number of layers of quantum dashes can be increased in the active 
region, which increases the number of quantum dashes that an optical mode interacts 
with as it traverses the active region. Second, the length of the active region can be 
increased to further increase the total gain. The optical gain response can be 
adjusted by empirically varying growth parameters that produce inhomogeneous 
broadening (i.e., the size distribution of the dashes). 

[0067] An iterative technique may be used to select growth parameters as 
illustrated in the flow chart of FIG. 14B. For example, an initial selection of growth " 
parameters may be selected 1480, including the equivalent monolayer thickness of 
the quantum dash layer, the growth temperature, Tg, the growth rate, Rg, and the 
thickness of the covering or embedding layer. Photoluminesence (PL) of test 
structures may then be performed. The PL is assessed 1485 to determine if the PL 
of the sample is centered around the desired wavelength and has a high intensity and 
FWHM greater than a preselected FWHM indicative of a desired level of 
iuhomogenous broadening. Examples of criteria that may be used include: selecting 
the FWHM to correspond to a greater than a minimum energy spread (e.g., greater 
than a 30 meV spread in energy) or selecting the FWHM to be greater than about a 
preselected percentage of the center wavelength (e.g., greater than 1% of the center 
wavelength). 

[0068] If the sample does not satisfy the criteria, other growth parameters may 
be selected. If desired, light emitting diodes may be fabricated and EL 
measurements performed 1490 to determine if the excited quantum states of the 
quantum dashes beneficially contribute to broadening the gain response. If 
necessary, empirical growth parameters may be varied to adjust the spacing between 
the ground quantum state and excited states of the quantum dashes to beneficially 
broaden the gain response. For example, if a 20 to 30 meV separation between 
quantum states is desired, electroluminescence of test samples may be used to select 
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growth parameters for which the excited states of the quantum dashes are spaced 20 
to 30 meV above the ground state. 

[0069] A quantum dash laser of the present invention may be used as the active 
gain medium of a tunable external cavity laser. FIG. 15 is a top view of a generic 
external cavity laser. The threshold condition for lasing is that the summation of the 
resonator losses (mirror and internal losses) is balanced by the optical gain of the 
gain medium. In a tunable laser, a wavelength selector 1540 is included that has a 
reflectivity that is a function of wavelength. Typically a rear facet 1505 of a laser 
diode 1502 retains a high reflectivity whereas a front facet 1510 is processed to have 
an extremely low reflectivity. The threshold condition for the external cavity system 
is: Rie 2(g - ai)L1 R(X)e ( ' 2aeL2) =l, where Rl is the reflectivity of the rear facet of the laser 
diode, g is the gain per unit length of the laser diode,, ai is the loss per unit length of 
the laser diode, LI the cavity length of the laser diode, RQC) the reflectivity of the 
wavelength selector, ote is the average loss per unit length of the external cavity, and 
L2 is the effective length of the external cavity. 

[0070] In an external cavity tunable laser, the wavelength selector may be any 
combination of external elements whose transmittivity or reflectivity response as a 
function of wavelength may be controlled such as to limit the optical feedback to the 
laser to a narrow wavelength band. Tunable external cavity lasers typically use an 
external grating arranged to provide wavelength-selective optical feedback based on 
wavelength-selective dispersion. Referring to FIGS. 16A and 16B, in an external 
cavity semiconductor laser typically one facet of a laser diode is coated with a high 
reflectivity (HR) material and the other facet is coated with an antireflection (AR) 
coating. An external grating is typically arranged to provide wavelength selective 
feedback back to the laser diode and to also serve as an output coupler. The 
reflectivity of the AR coating and the length of the laser cavity are preferably 
selected to suppress Fabry-Perot (FP) modes in the laser. It will also be understood 
that any known technique to suppress Fabry-Perot modes from the cleaved facets 
over a range of wavelength may also be used, such as incorporating unguided 
window regions or tilting the laser stripe with respect to the facet during device 
fabrication. The length of the semiconductor laser and residual reflectivity of the 
AR coated facet is preferably selected such that the external grating solely 
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determines the lasing wavelength. In one embodiment, the length of the 
semiconductor laser and the residual reflectivity of the AR coated facet is selected so 
that the laser is incapable of lasing off the ground state and at least the first excited 
state of the quantum dashes without feedback from the external grating. 
[0071] In an external cavity laser, the minimum gain must exceed the cavity 
losses. Thus, referring back to FIG. 15, to achieve a wide tuning range the saturated 
laser gain for the ground state should be selected to be greater than the total 
resonator losses, which include the absorption losses and mirror losses. However, 
the grating selected wavelength only depletes the optical gain within the 
homogenous gain broadening range such that the grating selected wavelength only 
suppress the FP mode only within pproximately 20 nm of the free-run emission 
wavelength. Consequently, in one embodiment, the peak gain at high quantum 
states, g p , is preferably selected to be sufficiently low to prevent deleterious lasing 
from FP modes due to residual facet reflectivity of the front facet. 
[0072] Two common external cavity configuration are the Littman-Metcalf 
external cavity and the Littrow external cavity. FIG. 16B is an illustration of a 
Littman-Metcalf laser cavity. FIG. 16A is an illustration of a Littrow laser cavity 
1608. In the Littrow cavity the angle of incidence of the light received by the 
grating 1 630 from the laser 1610 is such that the beam is reflected back to the laser 
serving the function of one mirror of the laser cavity. The angle of the grating 
determines the wavelength. An etalon is sometimes included in a Littrow 
configuration to decrease the cavity bandwidth. In the Littman-Metcalf 
configuration 1600, the grating 1630 diffracts the light towards a tuning mirror 1610 
(also known as a retroreflector), which determines the feedback. Collimating lenses 
1605 are typically included in an external cavity laser to improve the coupling of the 
laser output to the grating. 

[0073] One application of a tunable laser in accord with the present invention is 
for testing & monitoring (T&M) applications. A practical tunable laser for T&M 
applications must have a maximum operating current selected to achieve a 
reasonable laser lifetime (e.g., a current density of greater than 10 kA/cm 2 is 
typically correlated with a degraded lifetime) . In commercially available tunable 
lasers using quantum well gain medium the quantum well lasers have useful 
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wavelength range of about 70 nanometers. However, in many applications it is 
desirable to have a larger tuning range. For example, in some fiber optic 
applications it is desirable to be able to continuously tune across the S + band (1450- 
1490 nm), S band (1490 nm-1530 nm), C band (1530-1570 nm), L band (1570-1610 
nm), and L + band (1610-1650 nm). Conventionally, three tunable lasers, each 
having quantum well gain media optimized for different wavelength ranges, would 
be required for T & M over a 200 nanometer tuning range. By way of contrast, the 
quantum dash lasers of the present invention have a continuous tuning range of at 
least 200 nanometers at practical current densities. 

[0074] It will be also be understood that the quantum dash active regions of the 
present invention may be used in laser structures having an integrated wavelength 
selector element to tune the lasing wavelength. A variety of other semiconductor 
laser structure with wavelength selector elements are known in the art. In particular, 
a variety of tunable distributed bragg reflector (DBR) and distributed feedback laser 
structures (DFB) are known in the lasing art. DFB and DBR lasers include a grating 
that define a Bragg wavelength condition given by Am=2nA/m, where Ais the 
grating period, n is the refractive index of the material, and m is the diffraction 
order. The Bragg wavelength condition defines a wavelength having a high 
effective reflectivity associated with the grating. As shown in FIG. 17, multi-section 
DFB and DBR lasers are known in the art having a plurality of sections 1705, 1710, 
1715 in which a current may be adjusted in one section of the laser to adjust the 
refractive index of a portion of the grating 1720 of the laser and hence its Bragg 
wavelength. A conventional tunable DFB or DBR laser may be modified to include 
a quantum dash active region 1730 of the present invention. 
[0075] Additionally, the output wavelength of a semiconductor laser having a 
quantum dash active region may be temperature tuned. Referring to FIG. 1 8 A, a 
distributed feedback laser having a quantum dash active region 1805 may include 
any conventional grating structure to establish a Bragg lasing condition from the 
periodicity of a grating fabricated on waveguide layersl820, 1830 having different 
refractive indices. In a conventional DFB laser, thermal expansion and the 
temperature dependence of the refractive index causes a shift in the Bragg 
wavelength of about 0.1 nm/°C. In conventional 1.5 micron lasers the gain peak 
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shifts by about 0.4°C. The result is that there is a limited temperature range (e.g., 
typically about 40 °C) over which the DFB laser retains good modal properties, i.e., 
the DFB laser tends to have too high a threshold current or has poor mode 
discrimination if the temperature rises such that the gain peak is substantially longer 
in wavelength than the Bragg wavelength. FIG. 18B shows the shift in Bragg 
wavelength and gain peak versus temperature for conventional 1 .5 micron lasers. 
Quantum dash active regions are expected to have the same gain shift behavior as 
other types of quantum dots due to the delta function density of states associated 
with the three dimensional quantum confinement of the quantum dashes. 
Experiments by the inventors indicated that quantum dots have a measured shift in 
peak gain of only about 0.17 nm/°C due to the delta function density of states 
associated with the three dimensional quantum confinement. The reduced 
temperature sensitivity of the gain peak along with the broad gain function permits a 
temperature tuned DFB quantum dash laser to achieve an increased tuning range 
compared to a conventional bulk or quantum well DFB laser. In one embodiment of 
a DFB laser, the Bragg wavelength is selected to operate on the long wavelength 
side of the optical gain spectrum at a first operating temperature to facilitate 
operating the laser at higher operating temperatures (which shifts the optical gain 
spectrum to longer wavelengths). 

[0076J The quantum dash active region of the present invention may also be 
used in monolithic multi-wavelength arrays of lasers. FIG. 19A is a perspective 
view of a multiwavelength array 1900 of lasers 1920. Each laser 1920 may be 
fabricated as a ridge laser, buried heterostructure laser, or other laser structure 
providing lateral optical confinement. Each laser has a longitudinal cavity length, L. 
A conventional cleaving or etching process may be used to form a laser facet 1915. 
The array 1900 is formed on a common substrate 1905 having a quantum dash 
active region 1910. The growth parameters of the quantum dash active region 1910 
are selected to achieve a desired wavelength tuning range (e.g., 100 to 200 run) 
within a desired range of current densities. Each laser is preferably a DFB or DBR 
laser having at least one grating section 1930 with the grating periodicity, A, of its 
grating selected to achieve a desired wavelength of the laser. One benefit of the 
monolithic multi-wavelength array 1900 is that the large tuning range of the 
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quantum dash active region 1910 permits DFB or DBR lasers 1920 having a large 
number of different output wavelengths to be simultaneously fabricated for dense 
wavelength division multiplexed (DWDM) applications. Alternately, array 1900 
may be used for wide wavelength division multiplexed (WWDM) applications in 
which it is desirable to have a smaller number of wavelengths but with a significant 
wavelength spacing. 

[0077] The optical characteristics of the quantum dash active region 1910 of 
array 1900 also permits each laser to be directly modulated at high data rates. 
Theoretical investigations by the inventors indicate that optimized quantum dash 
lasers should have a linewidth enhancement factor that is approximately a factor of 
five -to- ten lower than for conventional quantum well lasers along with a higher 
differential gain. This makes it practical to directly modulate quantum dash lasers at 
high data rates (e.g., 1 0 - 40 Gbit/s) with acceptable chirp. This is in contrast to 
conventional quantum well lasers, which are typically modulated with external 
modulator at high data rates to reduce chirping effects. Additionally, the low 
threshold current density of the quantum dash lasers of the present invention 
facilitate direct laser modulation. Typically, directly modulated high-frequency 
lasers require drive currents that are several times the threshold current. The 
comparatively low threshold current of each laser of multiwavelength array 1900 
facilitates direct modulation at high data rates. Consequently, in one embodiment, 
each laser of the multiwavelength array is directly modulated by varying its drive 
current. This eliminates the needs for external modulators, filters, and optical 
isolators used in conventional DWDM systems. As shown in FIG. 19B, if each laser 
of the array is directly modulated their outputs may be directly received by an 
optical combiner (MUX) 1950 module and coupled to an optical fiber. It will be 
understood that in a direct current modulation embodiment that any conventional 
high frequency packaging technique may be used to facilitate coupling microwave 
frequency drive currents to each laser. In one embodiment, each laser is driven by a • 
wire bond. However, a wire bond has a parasitic inductance such that long lengths 
of bonding wire may degrade performance at very high data rates. In another 
embodiment, microwave transmission lines are fabricated on array 1900 to facilitate 
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coupling microwave drive current to each laser. In still another embodiment, array 
1900 is mounted on a submount adapted to provide microwave current to each laser. 
[0078] One benefit of a multiwavelength array 1 900 of the present invention is 
that temperature tuning may be used to fine-tune the wavelength of a large number 
of wavelengths. Referring to FIG. 19C, in one embodiment, the nominal DFB 
wavelengths at a first temperature, Ti, are selected to cover an upper wavelength 
range of the gain spectrum. Tuning the temperature of array 1900 to a higher 
temperature T2 shifts the gain spectrum at a slightly higher rate than the Bragg 
wavelengths. Due to the large initial width of the gain curve and the reduced 
temperature shift of the gain response of quantum dash lasers, a monolithic array of 
DFB lasers spanning a large wavelength range can be simultaneously tuned over a 
wide range. 

[0079] Another benefit of array 1 900 is that the low threshold current density 
and slow drift of the gain response with temperature renders the lasers less 
susceptible to heating and thermal cross-talk. This may permit, for example, 
individual lasers to be more closely packed (e.g., a small inter-laser separation) 
compared with conventional quantum well lasers. Additionally, the thermal 
characteristics of array 1900 may facilitate operating the array junction up, i.e., with 
the substrate mounted to a heat sink. As is well known in the laser art, a junction 
down configuration (epitaxial layer mounted to the heat sink) has less thermal 
resistance but typically increased the packaging complexity and cost. Still another 
benefit of array 1900 is that for some applications, such as WWDM, the need for the 
heat sink to be cooled may be eliminated. 

[0080] In one embodiment, a quantum dash active region is included in a 
vertical cavity surface emitting laser (VCSEL) structure, as shown in FIG. 20. Any 
conventional VCSEL laser mirror and cavity structure may be used. In a VCSEL 
laser structure is it desirable to increase the dash density and include a sufficient 
number of dash layers to increase the modal gain. Conventional DBR layers may be 
used for top and bottom mirrors of the VCSEL. Moreover, the VCSEL may be any 
known tunable VCSEL. Tunable VCSEL structures include VCSELs having a 
variable effective cavity length, such as microelectormechanical (MEM) element, 
such as a cantilevered micro-mirror supported by a deformable membrane. 
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[0081] While the use of quantum dash active regions in semiconductor lasers has 
been described in detail, it will be understood that quantum dash active regions may 
also be used in semiconductor optical amplifiers (SOAs). SOAs are commonly 
manufactured from device structures similar to Fabry-Perot lasers, although 
typically SOAs are designed to have a sufficiently low facet reflectivity to suppress 
lasing. 

10082] The quantum dashes of the present invention may also be modified for 
use in field effect transistor (FET) structures. In transistor structures it is desirable 
to select growth parameters that increase the length of the dashes to form dashes 
having a length comparable to the channel length. FIG. 21 is a top view of a 
quantum dash transistor structure having a source, drain, and gate region. FIG. 22 is 
a cross-section view along line 22-22 of FIG. 21. The quantum dashes form the FET 
channel and are preferably oriented perpendicular to the gate. One benefit of the 
transistor structure of FIGS 22-23 is that it may grown using similar materials as that 
used to fabricate quantum dash lasers, making it of potential interest for integration 
with quantum dash lasers. Additionally, the electron mobility in a quantum dash 
and saturation velocity is expected to approximately a factor of two greater than bulk 
material, improving the performance of the quantum dash transistor. 
[0083] In another embodiment, the active region of an electrical or optical 
device comprises chains of quantum dots formed by growing the quantum dots using 
a digital alloy technique. In this embodiment, the quantum dots have a ternary or 
quaternary composition, with the average composition of the dot selected to have an 
average lattice constant at least 1.8% greater than the underlying substrate. The 
digital alloy technique forms the ternary/quaternary dot from a sequence of alloy 
layers. Each alloy layer preferably comprises atomic mono-layers or fractions of 
monolayers. In one embodiment, the quantum dots are grown using MBE with the 
dots grown on a (100) AlGaAs surface at a growth temperature of about 510 °C. In 
one growth sequence, beam flux rates are selected to correspond to a growth rate of 
GaAs of 650 nm/hr, and an InAs growth rate of 350 nm/hr. The AlGaAs surface 
was exposed to a sequence of fluxes: Is In + As 2 ; 9.5 s As 2 , 0.5 s nothing, 1 s Ga, 
0.5 s nothing, 9.5 s AS2, which is repeated a desired number of cycles. Experiments 
by the inventors indicate that under some growth conditions that a digital alloy 
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growth technique results in the self-assembly of closely spaced dots, as shown in the 
AFM image of FIG. 22. The dot density is approximately 8 x 10 9 cm' 2 . The base 
diameter ranges from 70 to 1 10 nm and the height varies from 12 to 20 nm. The 
AFM images indicated that that dots are linked in an apparent chain with an interdot 
distance of less than 10 nm at their bases with neighboring chains separated by 40 



nm on average. The short inter-dot distance on each chain is close enough that 
quantum tunneling of electrons between dots may occur. For this case, the chain of 
dots is anticipated to have quantum wire-like electron transport properties and may 
thus be used to fabricate high performance transistor structures similar to that shown 
in FIG. 22. 

[0084] While particular embodiments and applications of the present invention 
have been illustrated and described, it is to be understood that the invention is not 
limited to the precise construction and components disclosed herein and that various 
modifications, changes and variations which will be apparent to those skilled in the 
art may be made in the arrangement, operation and details of the method and 
apparatus of the present invention disclosed herein without departing from the spirit 
and scope of the invention as defined in the appended claims. 
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CLAIMS 

What is claimed is: 



1 1 . A semiconductor active region for providing optical gain, comprising: 

2 a quantum well formed on a substrate; and 

3 a plurality of quantum dots embedded in the quantum well; the quantum 

4 dots having a size distribution and a sequence of quantum confined energy states 

5 selected to form a continuous optical gain spectrum responsive to an electrical 

6 current; 

7 the dots having a ground state with an associated first optical transition 

8 energy value and a first excited state having an associated second optical transition 

9 energy value, the second optical transition energy value being not greater than 30 
1 0 meV greater than the first optical transition energy value. 

1 2. The active region of claim I , wherein the ground state is saturable. 

1 3. The active region of claim 1, wherein the substrate is an InP substrate, 

2 the quantum well is an AlGalnAs quantum well, and the quantum dots are 

3 comprised of InAs. 

1 4. The active region of claim 3, wherein the quantum dots are elongated 

2 quantum dots having a thickness less than a thickness of the quantum well and a 

3 length-to-width ratio in a plane parallel to the quantum well of at least about three. 

1 5. The active region of claim 3, wherein the optical gain spectrum has a 

2 wavelength spread of at least 150 nanometers at a current density not greater than 3 

3 kA/cm 2 . 

1 6. The active region of claim 3, wherein the optical gain spectrum has a 

2 wavelength spread of at least 1 0% relative to a center wavelength for a current 

3 density not greater than 3 kA/cm 2 . 

1 7. The active region of claim 6, wherein the quantum dots are elongated 

2 quantum dots having a thickness less than a thickness of the quantum well and a 

3 length-to-width ratio in a plane parallel to the quantum well of at least about three. 

1 8. The active region of claim 1, further comprising a second excited energy 

2 level with an associated third optical transition energy value that is within 30 meV 

3 of the of the second optical transition energy value. 
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1 9. The active region of claim 8, wherein the separation between energy 

2 values is not greater than 20 meV. 

1 10. A semiconductor active region for providing optical gain, comprising: 

2 a semiconductor quantum well having a substantially planar well layer 

3 disposed between two barrier layers and having a well thickness; and 

4 a plurality of quantum dots embedded in the quantum well, each quantum dot 

5 having a thickness less than the thickness of the quantum well and a length-to-width 

6 ratio in a plane parallel to the planar well layer of at least about three. 

1 11. The semiconductor active region of claim 10, wherein the plurality of 

2 quantum dots has a distribution in size about a mean size selected to form a 

3 continuous inhomogeneously broadened optical gain spectrum. 

1 12. The semiconductor active region of claim 1 1 , wherein the mean size of 

2 the quantum dots is selected to include a first excited quantum state having an 

3 associated optical transition energy value that is within 30 meV of a ground state 

4 optical transition energy value. 

1 13. The semiconductor active region of claim 1 1 , wherein the mean size of 

2 the quantum dots is selected to include a first excited quantum state that is within 20 

3 meV of a ground state transition energy value. 

1 14. The semiconductor active region of claim 1 0, wherein the quantum well 

2 is strained. 

1 15. The semiconductor active region of claim 1 0, wherein the quantum dots 

2 are comprised of a semiconductor having a larger relaxed lattice constant than the 

3 semiconductor quantum well layer, further comprising: 

4 at least one tensile strained layer proximate the quantum dots. 

1 1 6. A semiconductor laser, comprising: 

2 optical waveguiding means for providing optical confinement; 

3 quantum dot means having a sequence of quantum confined energy states with 

4 energy levels selected to provide optical gain over an extended wavelength range; 

5 and 

6 quantum well means for providing carrier confinement of inj ected current to 

7 the quantum dot means. 

1 17. A tunable laser, comprising: 
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2 a first optical cavity having a first end and a spaced-apart second end; 

3 a semiconductor active region positioned in the first optical cavity having 

4 a plurality of quantum dots embedded in a quantum well, the quantum dots having a 

5 size distribution and a sequence of quantum confined energy states selected to form 

6 a continuous optical gain spectrum; 

7 a first reflector reflecting light into the first end of the first optical cavity; 

8 and 

9 an external optical cavity including an optical element reflecting a 
1 0 selected wavelength of light into the second end of the first optical cavity. 

1 IS. The tunable laser of claim 1 7,wherein the quantum dot characteristics are 

2 selected to achieve a tuning range of greater than 150 nanometers. 

1 19. The tunable laser of claim 1 7, wherein the quantum dot characteristics 

2 are selected to achieve a tuning range of greater than 10% of a minimum 

3 wavelength. 

1 20. The tunable laser of claim 17, wherein the quantum dots have a ground 

2 state with an associated first optical transition energy value and a first excited state 

3 having an associated second optical transition energy value, the second optical 

4 transition energy value being not greater than 30 meV greater than the first optical 

5 transition energy value. 

1 2 1 . A tunable laser, comprising: 

2 a first optical cavity having a first end and a spaced-apart second end; 

3 quantum dot active region means positioned in the first optical cavity 

4 having a sequence of quantum confined energy states with energy levels selected to 

5 provide optical gain over a wavelength range of greater than 150 nanometers; 

6 a first reflector reflecting light into the first end of the first optical cavity; 

7 and 

8 an external optical cavity including an optical element reflecting a 

9 selected wavelength of light into the second end of the first optical cavity. 

1 22. A tunable laser, comprising: 

2 a laser cavity including a longitudinal waveguide having a plurality of 

3 sections; 
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4 



at least one of the sections being a grating section for providing optical 



5 feedback; 



6 



at least one of the sections being a phase control section for adjusting the 



7 lasing wavelength; and 



8 



a semiconductor active region disposed in at least one of the sections 



9 having a plurality of quantum dots embedded in a quantum well, the quantum dots 

1 0 having a size distribution and a sequence of quantum confined energy states selected 

11 to form a continuous optical gain spectrum, the dots having a saturable ground state 

12 with an associated first optical transition energy value and a first excited state having 

13 an associated second optical transition energy value, the second optical transition 

14 energy value being not greater than 30 meV greater than the first optical transition 

15 energy value. 

1 23 . A monolithic multiwavelength array of lasers, comprising: 

2 a substrate; 

3 a semiconductor laser layer structure formed on substrate including 

4 optical cladding layers and an the active region, the active region a semiconductor 

5 active region disposed in at least one of the section having a plurality of quantum 

6 dots embedded in a quantum well, the quantum dots having a size distribution and a 

7 sequence of quantum confined energy states selected to form a continuous optical 

8 gain spectrum; and 

9 a plurality of lasers formed on the laser layer structure, each of the 

10 plurality of lasers having a Bragg grating positioned to regulate its operating 

1 1 wavelength, with the wavelength range of the lasers being at least 1 50 nanometers, 

1 24. The array of claim 23, wherein the dots have a saturable ground state 

2 with an associated first optical transition energy value and a first excited state having 

3 an associated second optical transition energy value, the second optical transition 

4 energy value being not greater than 30 meV greater than the first optical transition 

5 energy value. 

1 25 . A monolithic multiwavelength array of lasers, comprising: 

2 a substrate; 

3 quantum dot active region means disposed on the substrate for providing 

4 an extended optical gain spectrum; 
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5 quantum well means for confining carriers in the quantum dot active 

6 region means; and 

7 a plurality of lasers formed on the quantum dot active region means, each 
S of the plurality of lasers having a Bragg grating with an associated a grating period 

9 positioned to provide optical feedback to the laser. 

1 26. A Fabry-Perot laser, comprising: 

2 a substrate; 

3 a semiconductor optical waveguide formed on the substrate having a first 

4 facet spaced apart from a second facet to form a Fabry-Perot optical cavity; and 

5 an active region optically coupled to the optical waveguide, the active 

6 region including a plurality of quantum dots embedded in a quantum well, the 

7 quantum dots having a size distribution and a sequence of quantum confined energy . 

8 states selected to form a continuous optical gain spectrum responsive to an electrical, 

9 the dots having a ground state with an associated first optical transition energy value 

10 and a first excited state having an associated second optical transition energy value, 

11 the second optical transition energy value being no greater than 30 meV greater thari 

12 the first optical transition energy value. 

1 27. An optical amplifier, comprising: 

2 a substrate; 

3 a semiconductor optical waveguide formed on the substrate having a first 

4 facet spaced apart from a second facet to form an optical cavity; and 

5 an active region optically coupled to the optical waveguide, the active 



6 region including a plurality of quantum dots embedded in a quantum well, the 

7 quantum dots having a size distribution and a sequence of quantum confined energy 

8 states selected to form a continuous optical gain spectrum responsive to an electrical, 

9 the dots having a ground state with an associated first optical transition energy value 
10 and a first excited state having an associated second optical transition energy value, 



11 the second optical transition energy value being not greater than 30 meV greater 

12 than the first optical transition energy value; 

13 the first and second facets having an associated reflectance of light back 

14 into the optical cavity which is selected to be sufficiently low to suppress Fabry- 

1 5 Perot lasing over a preselected range of optical gain of the active region. 
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1 28. A laser, comprising: 

2 a substrate; 

3 a semiconductor optical waveguide formed on the substrate having a first 

4 facet spaced apart from a second facet to form an optical waveguide; 

5 a Bragg grating having a Bragg period optically coupled to the optical 

6 waveguide to provide optical feedback at a wavelength determined by the Bragg 

7 grating; and 

8 an active region optically coupled to the optical waveguide, the active 

9 region including a plurality of quantum dots embedded in a quantum well, the 

10 quantum dots having a size distribution and a sequence of quantum confined energy 

1 1 states selected to form a continuous optical gain spectrum responsive to an electrical, 

12 the dots having a ground state with an associated first optical transition energy value 

13 and a first excited state having an associated second optical transition energy value, 

14 the second optical transition energy value being not greater than 30 meV greater 

1 5 than the first optical transition energy value; 

16 the Bragg grating having a Bragg wavelength selected to be on the long 

17 side of the optical gain spectrum at a first operating temperature. 

1 29. A method of growing self-assembled InGaAs quantum dashes embedded 

2 in AlGalnAs quantum wells, comprising: 

3 growing a first AlGalnAs barrier layer on an InP substrate; 

4 growing a bottom AlGalnAs well layer on the first AlGalnAs barrier 

5 layer; 

6 growing InGaAs on the bottom AlGalnAs well layer with the InGaAs 

7 having a relaxed lattice constant at least 1.8% greater than the substrate, the growth 

8 conditions of the InGaAs selected to kinetically favor the redistribution of the 

9 deposited InGaAs into islands having a thickness, a length, and a width with the 

10 ratio of length to width of the islands being at least about three; 

1 1 growing a top AlGalnAs well layer under growth conditions selected to 

12 embed the islands in a quantum well of AlGalnAs; and 

13 growing a second AlGalnAs barrier layer on the top AlGalnAs well 

14 layer; 
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15 the bandgap energy of the quantum well layer being intennediate 

1 6 between that of the AlGalnAs barrier layer and the InGaAs islands. 
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